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Preface 
 
The earth’s ionosphere is a partially ionized gas that envelops the earth 
and in some sense forms the interface between the atmosphere and space. 
Ionospheric physics as a discipline grew out of a desire to understand the origin 
and effects of the ionized upper atmosphere on radio wave propagation. The 
very discovery of the ionosphere came from radio wave observations and the 
recognition that only a reflecting layer composed of electrons and positive ions 
could explain the characteristics of the data. Ionospheric research has greatly 
benefited from the space program with the associated development of 
instruments for balloons, rockets and satellites. The combination of remote 
ionospheric sensing and direct insitu measurements made from spacecraft has 
accelerated the pace of ionospheric research. 
 Above about 50 km, ionization is produced mainly by photoionization, 
ionic reactions and diffusion, and the so-called ionospheric layers are thus 
formed; at the top of the ionosphere, above about 1000 km, a gradual 
mixing occurs of the low enerqy terrestrial plasma with the more energetic 
maqnetospheric plasma. The earth's dipole magnetic field is distorted under 
the action of the solar wind, which is formed by fully ionized plasma; the 
high-latitude geomagnetic field lines are pulled back in the tail of the 
magnetosphere, and sufficiently energetic charged particles can escape from 
the polar ionosphere along such field lines (terrestrial wind). The low-latitude 
geomagnetic field lines are closed, and they connect the conjugate points of 
the earth's surface; the low energy ionospheric plasma may move from one 
hemisphere to the other following the magnetic tubes. 
 Cosmic rays, solar X-rays and ultraviolet radiation cause the formation 
of the different electron density maxima corresponding to the D, E and F 
regions, while the ionic composition is determined by reactions between ions, 
electrons and neutral atoms and molecules. The structure and the behaviour 
of the F2 region are mainly due to plasma transport phenomena, from the 
lower ionosphere upwards.      
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The physics underlying the formation of the D, E, and Fl regions of the 
ionosphere has been discussed by Chapman [1931] in his classic theory of 
ion layer formation. Although simplifying assumptions were made, such as 
constant scale height and constant recombination coefficient, the basic fea-
ures of the lower ionospheric layers are generally well described by his theory. 
A characteristic of the Chapman layer is that the ionizing radiation causing it, 
is most strongly absorbed at the peak of the layer. The F2 region is not a 
Chapman layer, and the physics underlying this layer was largely brought out 
by Bradbury [1938], who suggested that decreasing electron loss coefficient 
with altitude caused the F region to split into two layers, the F1, at the level of 
maximum absorption of the least penetrating of the solar ionizing radiation, 
and ,the F2 at some higher level controlled by the decreasing loss coefficient. 
Bradbury envisioned the variation in electron loss coefficient with height as 
due to variation in the rate of negative ion formation; later, Haves, Friedman, 
and Hulburt [1955] showed that the mechanism which produced the variation 
in electron loss coefficient with height was the decreasing molecular-oxvgen 
concentration with altitude, with a charge-exchange reaction controlling the 
actual loss rate. As this explanation apparently is not doubted, it is appropriate 
to refer to the F2 region as a Bradbury layer, since the mechanism for the 
formation of the layer is generally in agreement with Bradbury's hypothesis. 
The Earth's ionosphere, the ionized component of the Earth's upper 
atmosphere, responds markedly to varying solar and magnetospheric energy 
inputs. The ionospheric electron density Ne at a given altitude and location 
depends on the solar EUV fluxes, the neutral composition, and dynamical effects 
of neutral winds and electric fields. During geomagnetic storms, the disturbed 
solar wind compresses the Earth's magnetosphere, and intense electric fields are 
mapped along geomagnetic field lines to the high latitude ionosphere. At times 
these penetrate to low latitudes, and at high latitudes they produce a rapid 
convection of plasma which also drives the neutral winds via collisions. At the 
same time, energetic particles precipitate to the lower thermosphere and below, 
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expanding the auroral zone, and increasing ionospheric conductivities. Intense 
electric currents couple the high latitude ionosphere with the magnetosphere, 
and the enhanced energy input causes considerable heating of the ionized and 
neutral gases. The resulting uneven expansion of the thermosphere produces 
pressure gradients which drive strong neutral winds. The disturbed 
thermospheric circulation alters the neutral composition, and moves the plasma 
up and down magnetic field lines, changing rates of production and 
recombination of the ionized species. At the same time the disturbed neutral 
winds produce polarization electric fields by a dynamo effect, as they collide with 
the plasma in the presence of the Earth's magnetic field.  
The ionosphere’s influence on radio wave propagation is sometimes useful, 
but sometimes bothersome. As the ionosphere plays a crucial role in 
communication technology, it becomes utmost important to study the ionospheric 
parameters for the Indian sub-continent. The present thesis considers the study 
of the electron temperature, ion temperature and the ion composition using data 
collected by the RPA on board SROSS C2 Satellite. The new aspects, like the 
solar activity dependance, sunrise behaviour, evening enhancement, transition 
height, effect of storm etc. of these parameters are explained in great detail.  
The thesis is divided into six Chapters and are as follows : 
CHAPTER 1 gives  the introduction of the neutral atmosphere, the 
nomenclature of the atmosphere based on the temperature, composition and 
ionization is described. The variation of atmosphere’s composition and 
temperature with altitude, the atmosphere’s temperature profile resulting from the 
balance between the sources of heat, loss processes and transport mechanisms 
is discussed. The most important concept in the present work is the Ionosphere, 
hence its formation , structure, its altitude, regions and importance are explained. 
A very important factor about any study is: its importance. A very brief 
introduction of the importance of the study of ionosphere to our day to day life is 
described. The behavior of ionosphere is very uncertain. One of the important 
anomalous behavior is, observed at the geomagnetic equator. According to the 
Chapman’s theory , the ionization of neutrals should be maximum at the equator,  
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but it is observed that the electron density is enhanced at ~ ± 200 in the magnetic 
north-south plane  and is minimum at the equator. This is termed as the 
Equatorial Ionization Anomaly (EIA). As India is a sub-continent which lies in the 
low latitude region, so it becomes necessary to study such a process which 
disturbs the radio signals. The ionosphere’s behaviour is controlled not just by 
the solar and cosmic radiations but also by the dynamics i.e. EXB drift and the 
flow of neutral wind. The effect of solar flares and the geomagnetic storms on the 
ionosphere, the irregularities, scintillations and traveling ionospheric disturbances 
(TIDs) produced in the ionosphere and its effects on the radio signals is 
described in brief. 
In the Chapter 2, the brief introduction of the ways of observing the geospace 
i.e. the ‘direct’, ‘indirect’ and ‘remote sensing’ is discussed. A brief introduction of 
the instruments for the insitu measurements of the ionosphere and three of the 
insitu techniques : Langmuir probe, Retarding Potential Analyzer and Ion drift 
meter has been taken into account. A detailed explanation of the Langmuir Probe 
which gets projected into the medium and draws from it an electric current of 
electrons or ions depending on the sign and magnitude of the potential applied to 
it, is discussed. The Langmuir Probe and Retarding Potential Analyzer gives the 
indirect measurements of the  ionospheric parameters. 
The Indian Space Research Programme (ISRO) developed the SROSS 
spacecraft as follow – ons to the successful Rohini satellite series. The Retarding 
potential analyzer (RPA) aeronomy experiment designed and developed at 
National Physical laboratory (NPL) was sent in space onboard on Indian satellite 
SROSS – C2 on May 4, 1994 with an inclination of 460 and having an elliptical 
orbit of 930 x 430 km. After two months of operation, the satellites apogee was 
brought down to 620 km and perigee of 430 km using the reaction control system 
on board. The satellite’s parameters are discussed in brief. The satellite carried a 
payload : Retarded Potential Analyzer (RPA) which consists of an ion RPA and a 
potential probe for making simultaneous measurements of the Ion and the 
Electron plasma parameters. The Ion RPA makes measurements of the total ion 
density (Ni), irregularities in the Ni, temperature of the ions (Ti) and densities of 
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the various ions (H+, He+,O+,O2+ and NO+ ) present in the ionosphere. The 
Electron RPA makes measurements of the total electron concentration (Ne), 
irregularities in the Ni, the temperature of the electrons (Te), and the suprathermal 
flux upto 30eV.  The working principle of RPA is discussed in detail. 
Few other techniques of direct measurement which are used to study 
plasmas in the laboratory : d.c plasma probes, particle energy analyzers, and 
mass spectrometers are introduced in brief. 
CHAPTER 3 gives a brief introduction of the previous studies and their 
results regarding the seasonal, diurnal, latitudinal, annual variations of the 
electron and ion temperatures in the F region at ~500km of the ionosphere is 
discussed . The method employed to determine the electron temperature from 
the electron RPA and ion temperature using the ion RPA data onboard the 
SROSS C2 Satellite is explained. The RPA payload onboard satellite gave a 
good data from January,1995 to December, 2000. The data of six years (i.e. from 
January,1995 to December, 2000) with varying solar flux and sunspot activity has 
been used in the present work. The various features of the diurnal, seasonal and 
solar activity variation of electron and ion temperatures in equatorial and low 
latitudinal region obtained by the RPA payload is studied and are compared with 
the IRI model. 
CHAPTER 4 describes a brief introduction of the previous studies and 
their results of electron and ion temperature variations observed during morning 
hours are discussed. The result includes the solar activity dependence of 
electron and ion temperatures during Winter, Summer and Equinox Solstices 
during morning hours (0400-0700LT) in 100S to 200N geomagnetic latitude. 
CHAPTER 5 includes a brief introduction to the background of the 
previous studies and their results of the composition of the ionosphere in the 
lower latitudinal ionosphere is discussed in brief. The region where oxygen ions 
are the dominant species in the ionospheric F region is characterized by the two 
limits. The upper one is defined as the transition from prevailing O+ ions to 
hydrogen ions (O+- H+ transition), the lower limit, however, from prevailing 
molecular to atomic ions (M+-O+ transition). In the present work, the transition 
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heights of O+ to (H++He+) during the day is obtained. The diurnal, seasonal and 
solar activity variations is studied and  compared with the IRI-2001 model. The 
total density obtained from the RPA is compared with the ion density (assuming, 
electron density equal to the ion density) using the IRI-2001 model and Hinotori 
satellite data. During geomagnetic storms, the variation of the composition of the 
ionosphere is  discussed.  
CHAPTER 6 is the final conclusion. In this Chapter, the salient results of 
the present work using the ionospheric parameters i.e electron temperature, ion 
temperature and ion compositions is summarized and the possibilities of  the 
further work is pointed out. 
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CHAPTER – 1 
        INTRODUCTION 
 
 
The atmosphere is a mixture of different gases, particles and aerosols 
collectively known as air which envelops the earth. The atmosphere protects us 
by filtering out deadly cosmic rays, harmful ultraviolet ( UV ) and X-ray radiation 
from the sun, and even meteors on collision course with the Earth. Because of 
the exponential nature of the atmosphere, 99% of the mass of the atmosphere 
lies below 25 to 30 km altitude, whilst 50% is concentrated in the lowest 5 km. 
Air remains remarkably uniform in composition, upto an altitude of ~100 
km ( turbopause) and is the result of efficient recycling processes and turbulent 
mixing in the atmosphere. The two most abundant gases in air are nitrogen (78% 
by volume) and oxygen (21% by volume). In addition to these, air contains a 
number of trace gases, including the noble gases – argon, neon, helium, krypton 
and xenon, the green house gases and ozone. The natural green house gases 
include CO2, CH4, nitrous oxide and water vapour. Now a days there is great 
concern about the anthropogenically, emitted green house gases like CFC’s. 
The atmosphere is not physically uniform but has significant variation of 
temperature and pressure with altitude, which define a number of atmospheric 
layers, including the troposphere, stratosphere and mesosphere. Beyond about 
80 km altitude, the air is very–very thin indeed. Layers used to describe the outer 
reaches of the atmosphere include the thermosphere, and the exosphere while 
the ionized (plasma) regions are the ionosphere and the magnetosphere. 
Another well known layer is the ozone layer, residing in the stratosphere and 
protecting life below from the harmful effects of ultraviolet ( UV ) radiation from 
the sun. 
Most of the world’s weather systems and their related features, including 
clouds and rain, develop in the lowest layer of the atmosphere, the troposphere. 
Such weather systems, or patterns of air movement, develops as a result of the 
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flow of heat from warmer regions of the earth near the equator to colder regions 
nearer the poles. The air, and the heat it carries however, does flow in a straight 
line, but as a consequence of the earth’s rotation. The coriolis force deflects the 
air, forming patterns of air circulation. 
During the last 200 years, mankind has begun to significantly alter the 
composition of the atmosphere through pollution. Although air is still made up  of 
mostly oxygen and nitrogen, some of the levels of trace gases have been 
increasing, in particular the concentrations of green house gases have been 
increasing, which may be causing global warming. 
1.1  Neutral atmosphere 
The regions of the neutral atmosphere are named according to the variations 
of the temperature, the composition, and the state of mixing with altitude. 
The primary classification of the regions is according to the temperature 
gradient, In this system the regions are ‘spheres’ and the boundaries are 
‘pauses’. Fig. 1.1 shows the variation of temperature with altitude. The lowermost 
part of the atmosphere is the troposphere, where the primary heat source is the 
planetary surface and heat is convected by turbulent motion. The vertical 
temperature gradient ∂T/∂z or adiabatic lapse rate is given by ∂T/∂z = -g/Cp 
where g is the acceleration due to  gravity and Cp is the specific heat at constant 
pressure. It is therefore dependant on the planet’s acceleration due to gravity and 
the atmospheric composition. The theoretical adiabatic lapse rate is –100K/km for 
Earth. The troposphere terminates at the tropopause, the level at which the 
temperature decrease with an adiabatic lapse rate ceases. The tropopause 
occurs at an altitude of 10 -12 km. Above the tropopause the temperature 
distribution is governed by radiative rather than convective processes and the 
temperature decreases much more slowly (|∂T/∂z|<g/Cp) or becomes essentially 
constant ( ∂T/ ∂z ≈ 0 ). The region above the tropopause is the stratosphere. In 
the stratosphere, the temperature, after being initially constant, increases with 
altitude due to the  
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Fig.1.1 The nomenclature of the upper atmosphere based on       
temperature, composition and ionization. 
 
Above the stratopause, the mesosphere begins, where ∂T/∂z < 0, reaching 
a temperature minimum at the mesopause, due to the presence of CO2 and H2O  
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ultraviolet absorption by ozone (O3) ; reaching a temperature maximum at the 
stratopause. The stratopause occurs at an altitude of 50 km which provide a heat 
sink by radiating in the infrared. The mesosphere is relatively unstable 
dynamically since convection is still prevalent. The mesopause occurs at 80-85 
km with temperature around 180K which is the coldest part of the atmosphere. 
The region above the mesopause, where the positive temperature 
gradient, ∂T/∂z>0 occurs is called as the thermosphere. The most important heat 
source of the thermosphere is the extreme ultraviolet (EUV, λ ≤ 1800Å ) radiation 
from the sun [ Roble & Dickinson (1973); Stolarski et al (1975); Schmidtke 
(1978); Hinteregger (1976) ] which is highly dependant on solar activity, varying 
upto a factor of 2 between extremes in solar cycles. In absolute terms, this 
source is very small by comparison with the energy from ultraviolet (UV) and 
visible components of the solar spectrum that are absorbed in the lower  region 
of the atmosphere (mesosphere, stratosphere and troposphere). In terms of 
specific heat input, relative to the rare ambient density, the EUV source is, 
however, comparatively large, accounting for the temperature increase in the 
thermosphere. In the lower thermosphere convection is the principal process of 
heat transport, while in the upper thermosphere heat is transported by 
conduction, leading to an isothermal region (T= Constant). The thermospheric 
temperature varies with time but is generally over 1000K. This is the hottest part 
of the atmosphere. The isothermal temperature above the thermopause is 
referred to as the exospheric temperature.  
The atmosphere is also be divided in terms of its composition into the 
homosphere and the heterosphere (shown in fig. 1.1). In the homosphere, the 
composition is uniform. This region is characterized by turbulent mixing. In the 
heterosphere, the various components may separate under gravity, and so the 
composition varies with altitude. Within the heterosphere, the regions where the 
dominant gas is helium is called heliosphere and where hydrogen is the 
dominant gas, that region is called as Protonsphere. The boundary between 
homosphere and heterosphere is the turbopause which occurs at about 100km. 
At this level, diffusion is the controlling process rather than turbulent mixing. In 
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the barosphere, the particles follow the barometric formula. In the exosphere, the 
mean free path becomes large and collisions become negligible, so that light 
atmospheric constituents, whose velocity exceeds the gravitational escape 
velocity V∞ can escape. In this region the density does not follow the barometric 
formula. The barosphere and the exosphere are separated by a level called as 
exobase or the baropause. This level is defined by the condition that the mean 
free path is equal to the local scale height. 
Finally, there is the ionosphere and the magnetosphere depending on the 
state of ionization. The ionosphere is that part of the upper atmosphere where 
free electrons occur in sufficient density to have an influence on the propagation 
of radio frequency electromagnetic waves. This ionization depends primarily on 
the sun and its activity. Ionospheric structures and peak densities in the 
ionosphere vary greatly with time ( sunspot cycle, seasonally and diurnally ) with 
geographical location ( polar, auroral zones, mid latitudes and equatorial regions) 
and with certain solar - related ionospheric disturbances. 
The major part of the ionization is produced by solar X-ray and ultra – violet 
radiation and by corpuscular radiation from the sun. The most noticeable effect is 
seen as the earth rotates with respect to the sun; ionization increases in the 
sunlit atmosphere and decreases in the shadowed side. 
In the magnetosphere region, the earth’s magnetic field controls the dynamics 
of the atmosphere. The ionosphere terminates with the magnetosphere which 
comprises all charged particles of low (thermal) and high energies (radiation 
belts). The Earth’s atmosphere may be said to terminate at the magnetopause, 
the boundary of the geomagnetic field which lies at about ten earth radii on the 
day side of the earth and at a greater distance on the night side. 
1.2  Heat balance and Vertical temperature profile 
The atmosphere’s temperature profile results from the balance between 
sources of heat, loss processes and transport mechanisms. 
The troposphere is heated by convection from hot ground, but in the upper 
atmosphere there are four sources of heat : 
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(a) Absorption of solar ultra-violet and X-ray radiation, causing             
photodissociation, ionization and consequent reactions that liberate heat.                                    
(b) Energetic charged particles entering the upper atmosphere from the 
magnetosphere. 
(c) Joule heating by ionospheric electric currents. 
(d) Dissipation of tidal motions and gravity waves by turbulence and 
molecular viscosity. 
The first source is the most important, though (b) and (c) are also important at 
high latitude. 
 The principal mechanism of heat loss from the upper atmosphere is 
radiation particularly in the infrared. When atoms are in excited states, they lose 
their energy by radiation or by cooling with other particles. Recombination of 
electrons and atomic ions can also take place but by the very slow radiative 
process. In the E and F regions of the ionosphere, dissociative recombination is 
the most important loss process. 
The transport processes include conduction, convection and radiation : 
(a) Radiation is the most efficient process at the lowest levels. The 
atmosphere is in radiative equilibrium between 30 and 90 km. 
(b) Molecular conduction is more efficient in the thermosphere (above 150 
km); where the thermal conductivity is large because of the low pressure 
and the presence of free electrons which also ensures that the 
thermosphere is isothermal above 300 or 400 km, though the 
temperature varies greatly with time. At the base of the thermosphere 
heat is conducted down towards the mesosphere. 
(c) Eddy diffusion, or convection is more efficient than conduction below the 
turbopause.  
(d) Transport by large-scale winds can affect the horizontal distribution in 
the thermosphere. 
(e) Chemical transport of heat occurs when an ionized or dissociated 
species is created in one place and recombines in another.  
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The balance between these various processes produces an atmosphere with two 
hot regions, one at the stratopause and one in the thermosphere. 
1.3   Composition 
 The upper atmosphere is composed of various major and minor species. 
The major constituents are oxygen and nitrogen in molecular or atomic forms, or 
helium and hydrogen at the greater heights. The minor constituents include 
ozone, oxides of nitrogen, CO2 and H2O. 
 An increasing amount of O ( formed by the dissociation of O2 by UV 
radiation between 102.7nm and 175.9nm ) appears above 90km and the atomic 
and molecular forms are present in equal concentrations at 125 km; above that, 
the atomic form increasingly dominates. Molecular Nitrogen, however is not 
directly dissociated to the atomic form in the atmosphere, though atomic oxygen 
does appear as a product of other reactions.  
 Above the turbopause, each component takes an individual scale height 
(H = kT/mg) depending on its atomic or molecular mass. This situation is known 
as diffusive equilibrium. Atomic oxygen dominates at several hundred kilometers. 
Above that is the heliosphere where helium is the most abundant, and eventually 
hydrogen becomes the major species in the protonosphere. 
 Water has a dominating influence in the troposphere. It is important 
nevertheless, first as a source of hydrogen, and second because it causes ions 
to be hydrated below the mesopause. At higher altitudes ( ≥ 60km), the ozone is 
formed by three oxygen atoms :  
    O + O +O+ M → O3 + M     
This is a three – body reaction, in which the third body, M, serves to carry away 
excess energy. 
1.4  IONOSPHERE 
 The first cosmic ionized plasma to be recognized was, naturally enough, 
the terrestrial ionosphere. The existence of the ionosphere was first postulated 
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by Stewart (1882). However, impossible to disprove evidences for the existence 
of the ionosphere was provided independently by Kennelly (1902) and Heaviside 
 
 
    
 
         Fig.1.2 The atmospheric composition upto 1000km 
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 (1902) who offered more correct explanation of Marconi’s radio communication 
experiments by suggesting that the long range propagation could be due to 
reflections of the signals from the ionized layer in the upper atmosphere. 
The radio sounding experiments were carried out by Appleton and Barnett 
(1925) in England; and Breit and Tuve (1925 & 1926) in America, which finally 
confirmed the existence of the ionosphere. There was rapid progress in obtaining 
an overall grasp of the behaviour of the ionosphere and its effects on the 
propagation of radio signals. Appleton – Hartree equations were established 
[Appleton (1932)], which gave the complex index of refraction and the 
polarization for a plane wave propagated in the ionosphere in the presence of the 
earth’s magnetic field. Chapman (1931) presented a theory for the formation of 
an ionospheric layer based on the action of solar UV radiation. It was discovered 
that the F layer split into two reflecting regions at different altitudes during the 
day; so the lower was labeled the F1 layer and the upper F2 layer.  
1.4.1  Structure of Ionosphere 
Starting approximately 60 km above the earth’s surface and extending to 
about 500 km, we encounter three layers of importance for our radio HF waves. 
The main regions are designated D, E, F1 and F2, with the daytime 
characteristics as in table 1.1 . Although the ion density and heights of the layers 
vary with time, the E and F layers have a permanent existence and make 
possible long distance radio communication possible by reflecting radio waves. 
The D – layer is present only during the day and although it does not normally 
reflect back high frequency  waves, its presence decreases the intensity of 
signals reflected from the higher layers. Other ionospheric layers within the E – 
region that do not have a permanent existence are called SPORADIC E layers; 
reflection from sporadic E patches often make possible long distance reception of 
waves of much higher frequency than would normally be possible. 
D Region :  This is the lowest and closest to the earth. The D – region is 
formed by radiation whose absorption cross – section is smaller than 10-19 
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cm2. The formation of the D - region is results from the following ionization 
sources : 
i) Galactic cosmic rays ionizing all atmospheric constituents between 
65 to 80 km altitude. 
iii)    Solar X – rays (   λ <  8Å ) ionizing N2 , O2 and A  in altitude 90 – 100    
km. 
iv)    Photoionization of the metastable O2 by solar UV radiation ( λ< 1118Å ) 
v)     EUV radiation also ionizes O2 and N2, as in the E region. 
vi)   Energetic particles from the sun or of auroral origin ionize the D region 
at high latitudes, where at times they form the main source. 
Because of the relatively high number densities, ion clusters and negative 
ions resulting from electron attachment are presented in this region. 
        Table 1.1 
               Characteristics of ionospheric layers 
Region Height 
(km) 
Number 
density 
(cm-3) 
Maxim
um 
Usable 
freque
ncy 
(MUF) 
Optimal 
Usable 
frequency 
(OUF) 
D 
region 
E 
region  
F1 – 
region 
F2 - 
region 
60 – 90 
105 – 
160 
160 – 
180 
above 
180 
102 – 104 
105 
105 – 106 
106 at 
peak of 
the day, 
smaller 
by night, 
maximum 
at about 
300 km 
   16 
MHz 
   28 
MHz 
 
    16 
MHz 
13.6 MHz 
23.8 MHz 
 
13.6 MHz 
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        Fig. 1.3 Schematic description of a daytime midgeomagnetic    
          latitude ionosphere. (c.f Banks (1969)) 
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E – region  
The E region is formed by radiation whose cross – section is less than 5 x   
10-18 cm2. The ionization processes leading to the formation of the E region are : 
i) the ionization of O2 by X-rays in the range 100 < λ <  31Å, by  lyman β at 
1025Å and by ultraviolet radiation  in the lyman continuum,   λ <  910Å. 
ii) the ionization of N2 by X-rays in the range 100 < λ  < 31Å, and 
iii) the ionization of O by lyman continuum radiation and by X-rays in the 
range 100 < λ <  31 Å . This region corresponds to a moderately dense 
layer of molecular ions NO+ and O2+ in the midst of which fluctuate thin 
layers of metallic atomic ions occasionally peaking in the so called ‘Sporadic 
E’ (Es) phenomena. This layer is the first portion of the ionosphere that is 
more or less useful for long distance communications. 
F Region  
 The F region derives from radiation whose absorption cross – section is 
greater than 10-17cm2. This ionospheric F – region is subdivided into the F1 and 
F2 layer. The F1 ledge is representative of the maximum ion production, whereas 
the F2 peak representing the maximum of electron density is the result of the 
combined effects of ion – chemistry and plasma diffusion as suggested by  
Rishbeth (1968). The ionization sources for the F – region are solar EUV 
radiations in the lyman continuum (910 - 800Å), including the strong He II (304Å 
line) and additional contributions from the range 500 to 700Å. 
 In the F1 region the major ions are NO
+ and O2
+ (with O+, N+ the minor 
ions). Due to the presence of molecular ions the chemistry of F1 layer is 
controlled by dissociative recombination. The F1 layer also conforms to a 
Chapman layer. 
In the F2 region, O
+ is the principal constituent with H+, N+ and He+ the minor 
constituents. In this region, the controlling chemical process is the ion – molecule 
reaction converting O+ into molecular ions (NO+ and O2
+) which ultimate 
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recombine dissociately. The F2 region resembles a ‘Bradbury layer’. The height 
of the F – layers varies the most, from 150km to more than 500km, depending on 
the season of the year, the latitudes, the time of the day and most of the sun’s 
activities. Sun eruptions, sun storms and sunspots play a dominant role in the 
ionization density. 
1.4.2  Formation of the ionosphere 
 At middle and low latitude the energy required comes from solar radiation 
in the extreme ultra – violet ( EUV ) and X – ray parts of the spectrum. These 
radiations from the sun ionize neutral atmosphere and hence produce the 
ionosphere. The process of photoionization is the major cause of ionization in the 
atmosphere. Besides the photoionization, the corpuscular ionization produced by 
energetic charged particles which enter the earth’s atmosphere at high latitudes 
is also a source of ionization in the atmosphere. Once formed, the ions and 
electrons tend to recombine and to react with other gaseous species to produce 
other ions. Thus there is a dynamic equilibrium in which the net concentration of 
free electrons depends on the relative speed of the production and loss 
processes. In general terms, the rate of change of electron density is expressed 
by a continuity equation :  
                                ∂N = q – L – div(Nv) ,  
      ∂t 
Where,  
N = electron density, 
∂N = rate of change of electron density,  
∂t 
q = rate of production of ionization, 
L = rate of loss by recombination, 
v = mean drift velocity, and 
div ( Nv ) = loss of electrons by movement. 
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Photoionization 
Chapman (1931) put forward the theory of photoionization of planetary 
atmospheres by solar radiation using certain simplifying assumptions as follows : 
(a) An exponential atmosphere with only one gaseous component and of 
constant scale height. 
(b) Constant absorption coefficient i.e. monochromatic radiation and a single 
absorbing component 
 
Table 1.2 Ionization potential and Equivalent wavelengths for Gaseous Species 
(c) Atmosphere is plane and horizontally stratified 
Constituent I ( eV ) Λmax Å 
      NO 
       O2 
      H3O 
       O3 
       H 
       O 
     CO2 
      N 
      H2 
      N2 
      A 
      Ne 
      He 
9.25 
10.10
12.60
12.80
13.59
13.61
13.79
14.54
15.41
15.58
15.75
21.56
24.58
 
1340 
1027 
985 
970 
912 
911 
899 
853 
804 
796 
787 
575 
504 
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(d) Absorption of solar radiation is proportional to the number density of the 
gas 
Based on these assumptions the Chapman production function is given by 
   qz = qm exp. ( 1 – y – e
-y ) 
where y = (h – hm )/H is the reduced height referred to the height of maximum 
production and qm is the maximum production rate.  
If qm0 is the maximum production rate when the sun is overhead then hm = 
hm0 the height of maximum production. Then it can be shown that  
   qz = qm0 exp. { 1 – z – e 
–z sec ( χ ) } 
where z = ( h – hm0 )/H and  χ is the zenith angle of the sun. The neutral 
species which are present in the atmosphere may be ionized by capturing a 
quantum of energy whose energy exceeds the ionization potential. Table  1.1 
gives the ionization potentials and equivalent wavelength for gaseous species. 
Corpuscular Ionization 
Corpuscular radiation ( cosmic rays of energy greater than 109 eV ), at 50 – 
60 km from the sun also contributes to the production of ionization especially at 
low altitudes. Corpuscular radiation is responsible for the production of D region 
and part of E region of the ionization by ionizing triatomic molecules. 
Loss of ionization 
The various loss processes in the ionosphere are broadly classified into 
chemical recombination and transport.  
The electron loss in most of the ionosphere occurs not directly, but by two stage 
process, 
 
    X+ +A2 → AX
+ +A  (i)           (1) 
    AX+ +e →  A + X  (ii) 
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Where A2 is a common molecular species such as O2 or N2. In the first step 
the positive charge is exchanged between the atomic and molecular species, and 
in the second one the charged molecule is dissociated by recombining with an 
electron.  
The rate of stage (i) is β[X+] and of stage (ii) is α[AX+]N,  
Where. α is the recombination coefficient and  β is the attachment 
coefficient .  At low altitude β is large and so X+ is rapidly converted to AX+. The 
overall rate is then controlled by (ii) and one expects to see an α- type process 
overall because [ AX+] = N for neutrality. At a high level  β is small and then (i) is 
relatively slow and controls the overall rate. Hence [X+ ] = N and a β-type 
process occurs. The behaviour therefore changes from  α - type to β -type as the 
height increases.    
 Plasma transport : The basic mechanisms by which ionospheric plasma is 
transported are 1) diffusion, 2) neutral wind interaction and 3) electrodynamic 
drifts. In the F region, plasma moves along the field lines due to diffusion and 
neutral winds along the field lines due to the plane containing electric and 
magnetic fields due to electrodynamic force. Plasma transport is responsible for 
the formation of F layer peak around 250 km, though according to Chapman’s 
theory the peak of production is around 150 km. 
1.5  Importance of ionosphere 
The influence of the ionosphere on radio wave propagation is sometimes 
useful, but sometimes bothersome. Long distance radio communication would 
not be possible without the ionosphere. All types of radio communication are 
affected by the condition of the ionosphere, which in turn is influenced by the 
various radiations from the sun. Over–the-horizon transmissions for 
telecommunications or surveillance usually rely on ionospheric reflection at radio 
frequency below about 30MHz ( 10 metre wavelength). The maximum usable 
frequency depends, among other things, on the maximum electron density of the 
ionosphere, which is highly variable. Lower frequency waves are subject to 
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absorption in the lower ionosphere, where the electrons oscillating in the wave’s 
electromagnetic field lose energy to air molecules through collisions. The radio 
wave absorption can increase to the point of radio black – out during sporadic 
ionization enhancements associated with solar – flare, X-rays and with energetic 
protons that precipitate into the high latitude upper atmosphere. 
Radio transmissions between the earth and spacecraft operate at 
frequencies that are not reflected by the ionosphere and that do not suffer much 
absorption. However, these transmissions are subject to degrading scintillation 
when they refract through ionospheric irregularities. They also undergo phase - 
path changes and propagation delays in traversing the ionosphere, necessitating 
adjustments to precise measurements like satellite-based radar altimetry of 
ocean and land surfaces, positioning with the Global positioning System, and 
astronomy. To some extent, the electron density and the irregularities have 
predictable variations with the time of day, season, phase of the 11–year sunspot 
cycle, and geographic location. However, they are also subject to irregular 
variations due to influence coming from the magnetosphere and from the lower 
atmosphere. 
Because the ionosphere is a magnetized plasma, its study contributes to 
the field of plasma physics. A variety of natural plasma instabilities occur that are 
observed with radars and with radio wave techniques, as well as with rockets and 
spacecraft. Active experiments are carried out by modifying ionospheric 
properties with high - power radio waves, with chemical releases, or with space – 
based energetic electron beams. Unlike laboratory plasmas, the ionosphere has 
no chamber walls to interfere with the experiments or to complicate interpretation 
of the data. 
Ionospheric electric currents, especially those strong currents that occur 
during magnetic storms, can have a number of impacts. The magnetic field 
produced by the currents induces additional electrical currents in the earth, which 
can flow through grounded electrical power grids and harm their transformers or 
trip circuit breakers. On occasion, large scale disruptions of power grids have 
resulted, as happened in Quebec during the magnetic storm of 1989 March 13. 
  18   
 
Even during less disturbed currents complicate geomagnetic surveys that 
attempt to derive accurate models of the earth’s internal field or to determine the 
nature and geological significance of subtle spatial structure in the field. Electrical 
heating of the upper atmosphere above 120km during storm raises the 
temperature, thereby reducing the rate  of exponential density fall-off with 
increasing altitude so that the density at high altitude is greatly increased. 
Satellite orbiting the earth below 1000 km then experience perceptible 
alternations of their trajectories owing to the increased atmospheric drag. They 
can become temporarily lost to satellite tracking services. The heating also 
changes the wind patterns and the composition of the upper atmosphere, which 
influence the plasma density distribution. 
1.6  Anomalous behaviour of Equatorial ionosphere 
In the ionospheric F region over the equator, a characteristic ‘bitten out’ 
look in the diurnal variation of the noon-time electron density is found (Appleton, 
1946). The ‘bite-out’ looks like a loss of F-region ionization between about 
0009LT and 0016 LT and has the lowest value at about 1200 to 1300LT. Martyn 
(1947) put forward the explanation that the electric field at the equator gives rise 
to upward electrodynamic ( E B× ) drifts during daytime. As the plasma is lifted to 
greater heights, it diffuses downward along geomagnetic field lines under the 
influence of gravity and pressure gradients. As a result a plasma ‘fountain’ is 
formed that moves ionization from the equator to higher latitudes and two 
ionization crests are formed on either side of the equator. The fountain rises to 
several hundred kilometers at the magnetic equator and the crests become 
weaker with increasing altitudes.  
At higher altitudes, there is a single crest at the magnetic equator. 
Rishbeth (1977), Rajaram (1977), Moffett (1979), Walker et al (1994) and 
Rishbeth (2000) have reviewed experimental and modeling studies aimed at 
understanding of the various features associated with the low latitude 
ionosphere. This is called the F region equatorial anomaly, (Appleton, 1946; 
Mitra, 1946) with ionization crest formed at  ±300 to 400 dip, at the expense of F 
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Fig. 1.5 : Equatorial anomaly in noon f0F2 for sunspot maximum and sunspot 
minimum period (after Rastogi 1966) 
 
region ionization removed from the equator. Fig. 1.5 illustrates the equatorial 
anomaly in the latitudinal variation of f0F2 (after Rastogi 1966). 
 
1.7  Various effects on the Ionosphere 
1.7.1  Effects of solar flares  
As the solar flares begin suddenly, they are also known as sudden 
ionospheric disturbances (SID). The fade-outs in high frequency radio 
propagation is the result of abnormally strong absorption in the ionosphere.The 
occurrence of radio absorption indicates that the electron density in the D region 
has been increased. This enhancement is most likely to be in the lyman - α line 
or in the X-ray flux. Though the effects are most marked in the D region, E and F 
region effects can also be detected. The electron content, governed mainly by 
the F region, is increased by a few percent. The increase of electron density in 
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the F region comes from the middle bands, 260 – 796Å, whereas radiation at 
longer and shorter wavelength contributes more at the lower altitudes. The D – 
region effect is due to the hardest X-rays. The F – region effect due to flares is by 
no means negligible, though it is smaller than the D – and E – region effects in 
percentage terms. 
1.7.2  Storm Effects  
The upper atmosphere is prone to disturbances which, by analogy with 
conventional weather, are called storms. It usually last from one to several days. 
The first widely studied solar – terrestrial disturbance was the 
geomagnetic storm. The sun is a turbulent source of solar wind which is 
continually fluctuating in particle concentration and energy. The cloud of plasma 
ejected during a solar storm has a velocity around twice that of the quiet solar 
wind and reaches the earth about a couple of days after the outburst. The first 
effect of the arriving plasma is to compress the magnetosphere and so to give 
rise to an increase in the magnetic field measured at the earth’s surface. An 
abrupt increase ( may be of hundreds of nT) in the horizontal component, H, 
occurs all over the earth within minutes. This phase is called the sudden 
commencement (SC). There is then a few hours of calmness, termed ‘initial 
phase’, the duration of which varies from less than 10 minutes to more than 6 
hours. The storm, then enters the ‘main phase’; during this period the field 
steadily decreases below it’s normal value. This appears to be due to the 
replenishment of high energy particles in the trapped radiation belts, which by 
their circulation around the earth reduce the field at the surface of the earth. The 
field at the earth reaches a minimum value about a day after the SC of the storm. 
The final phase is called the ‘recovery phase’ during which the field gradually 
recovers to its normal value in the next few days. This series of events is called 
the magnetic storm. Various phases of the storm are shown in fig. 1.5. 
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Fig.1.5 Geomagnetic storm of 17 November1989 recorded at New Delhi 
showing different phases of the storm (Lakshmi & Reddy, 2000) 
    
Magnetic storm effects in the F2 – region have been studied extensively 
with ionosonde and Faraday rotation experiments [ e.g., Obayashi (1972); 
Rishbeth (1963); Matsushita (1959, 1976); Basu etal (1975); Chandra and 
Spencer (1975); Fatkullin (1973); Huang etal (1974); Kane (1973a,b); Lanzerotti 
et al (1975) ; Raghavarao and Sivaraman (1973); Park(1974); Park and Meng 
(1973, 1976); Paul et al. (1977); Prolss (1977); Prolss et al. (1975); Prolss and 
Van Zahn (1977); Prolss and Najita (1975); Spurling and Jones 
(1973,1975,1976); Stenning and Chance (1974) ], radar back scatter techniques 
[ e.g. Evans, (1970,1973) ], and satellite insitu measurements [ e.g. Prolss et al 
(1975); Hedin et al (1977d)]. The work of Matsushita (1959) represents relative 
variations in the storm time component of the F2 layer critical frequency collection 
of 150 sudden commencement storms. At high and middle latitudes the data 
show, characteristically, a positive phase during the onset of the storm and 
subsequently a pronounced long lasting negative phase. Seaton (1956), Duncan 
(1969), and Chandra and Herman (1969) suggested that changes in neutral 
composition may be responsible for the negative phase, and Kohl and King 
(1967), K.L. Jones and H. Rishbeth (1971), Rishbeth (1972), and Obayashi 
(1972) proposed that equatorward winds might cause the positive phase in 
ionospheric storms. 
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During storms, the critical frequency f0F1 is not greatly affected; Sato 
(1957b) and Brown and Wynne (1967) found a slight decrease of about 0.3 MHz, 
which implies a reduction of about 10% in NmF1. The production rate q is not 
greatly during a storm. But there is  reduction of F2 – layer electron concentration 
which results in the F1 “cusp” which is visible on ionograms. 
During storms, the h’(f) curves for the F2 layer are greatly changed. The 
critical frequency f0F2 is usually reduced at mid-latitudes and the virtual height h’ 
is greatly increased, sometimes attaining 600 km or more. 
 1.7.3  Ionospheric Irregularities  
  The ionosphere, like the atmosphere in general, is not strictly a uniform, 
horizontally stratified medium but contains irregularities of many sizes. There is 
no doubt that scintillation of satellite radio signals is a consequence of the 
existence of random electron-density fluctuations within the ionosphere. These 
irregularities distort the original wavefront, giving rise to a randomly phase-
modulated wave. As the wave propagates toward the receiver, further phase 
mixing occurs, changing the modulation of the wave and eventually producing a 
complicated diffraction pattern on the ground. If the satellite and/or the 
ionosphere moves relative to the receiver, temporal variations of intensity and 
phase are recorded. 
1.7.3 (a)  Scintillations : A high priority given to the ionospheric 
scintillation study comes from its significant impact on satellite radio 
communications. For instance, the signal distortion caused by scintillation can 
degrade the performance of navigation systems and generate errors in received 
messages. Since ionospheric scintillation originates from random electron 
density irregularities acting as wave scatterers, research on the formation and 
evolution of irregularities is closely related to scintillation studies. 
Over the past four decades there has been lively interest in this field. Many 
excellent reviews of scintillation theory and observations have been published 
(e.g. Aarons, 1982, 1993; Yeh and Liu, 1982; Basu and Basu, 1985, 1993; 
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Bhattacharyya et al., 1992; Kelley, 1989; Keskinen and Ossakow, 1983; Kintner 
and Seyler, 1985; Tsunoda, 1988; Huba, 1989; Heppner et al., 1993; Fejer, 
1996). Scintillation follows the local time-latitude variations of irregularities, except 
that to be observed, the layer of irregularities needs to be sufficiently thick (Aarons, 
1993).  
Near the magnetic equator the irregularity activity and associated scintillation 
activity start right after sunset, when the upward drift velocities are larger than ~15-
20 m/s (30-45 m/s) near solar minimum (maximum), and the bottomside unstable 
layer is lifted to altitudes where the gravitational term in the Rayleigh-Taylor 
instability growth rate dominates (e.g. Fejer et al., 1999). Often irregularities form 
plume-like structures extended along the magnetic field lines to altitudes of 1000 
km and more (e.g., Woodman and La Hoz, 1976; Kelley, 1989). These plumes 
map to the equatorial anomaly latitudes where, due to higher background 
ionization density, the strength of irregularities is much enhanced. Irregularities 
within well-developed plumes cause intense scintillation at gigahertz frequencies 
severely affecting satellite radio links. 
1.7.3 (b) Travelling ionospheric disturbances : Acoustic gravity waves 
are a phenomenon of the neutral air, but the motions of the neutral particles may 
be communicated to the ionized component through collisions (i.e. by air drag). 
At the lower heights (where the collision frequency is larger than the 
gyrofrequency) ion motion is inhibited across the geomagnetic field and the only 
response is to the velocity component parallel to the geomagnetic field. In the F 
region the ionospheric response is therefore biased, and by no means do 
observations of the ion motion at those altitudes represent those of the gravity 
wave. 
The most extensive information about gravity waves in the upper 
atmosphere has come from radio observation of the ionosphere. The principal 
methods are : 
a) ionosonde and, closely, related to it, continuous sounding of virtual 
height at a constant frequency ; 
b) H.F. Doppler ; 
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c) Electron content measurement ; 
d) Incoherent scatter radar. 
The salient characteristic of these results is that the observed 
perturbations show a time difference between spaced observation sites, inviting 
the obvious interpretation of a propagating wave ; hence the name traveling 
ionospheric disturbance, TID. There is statistical evidence for this association, 
though clear individual examples are not so easily found. 
1.8  Scope of the present Thesis 
Ionosphere has been studied by various ground based techniques 
during the past 4-5decades. With the advent of satellite era, space based 
techniques have been evolving which give better global coverage. India also 
entered this era with rockets and satellites. The equatorial and low latitude 
ionosphere exhibits many unique features in density and temperature, such as 
the equatorial ionization anomaly, the plasma fountain, equatorial electrojet etc. 
The study of the thermal electrons and positive ions is necessary to gain insight 
into the characteristics of the ionosphere. Further, the ionosphere introduces 
errors in phase, amplitude and geodesy, global time synchronization, radio 
astronomy and many other applications. Ionospheric processes depend upon 
both geographic and geomagnetic coordinates of the earth. Since the 
geomagnetic axis is tilted to the earth’s axis of rotation, the difference between 
geo-graphic and geo-magnetic latitude is a function of longitude. Thus, while 
solar production effects depend only on geo-graphic latitude, plasma transport 
depends on geomagnetic coordinates; and therefore resultant ionospheres at 
identical latitudes may often exhibit noticeably different characteristics.  
Satellite borne ionospheric experiments have been conducted in the 
past on satellite missions like Atmospheric Explorer, Dynamic Explorer, ISIS, 
Aeros, OGO, Kyokko, Hinotori, etc. Yet data from topside F region 
measurements over low and equatorial region is less, especially over the Indian 
subcontinent. The Indian Space Research Programme (ISRO) has developed the 
SROSS spacecraft as follow – ons to the successful Rohini satellite series. The 
Retarding potential analyzer (RPA) aeronomy experiment designed and 
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developed at National Physical laboratory (NPL) was sent in space onboard on 
Indian satellite SROSS – C2 on May 4, 1994 with an inclination of 460 and having 
an elliptical orbit of 930 x 430 km. After two months of operation, the satellites 
apogee was brought down to 620 km and perigee of 430 km using the reaction 
control system on board. The satellite carried a payload : Retarded Potential 
Analyzer (RPA) which consists of an ion RPA and a potential probe for making 
simultaneous measurements of the Ion and the Electron plasma parameters. The 
Ion RPA makes measurements of the total ion density (Ni), irregularities in the Ni, 
temperature of the ions (Ti) and densities of the various ions (H+,He+,O+,O2
+ and 
NO+) present in the ionosphere.The Electron RPA makes measurements of the 
total electron concentration (Ne), irregularities in the Ni, the temperature of the 
electrons (Te), and the suprathermal flux upto 30eV.   
The aim of this study is to investigate the diurnal, seasonal, latitudinal and 
solar activity variation of electron temperature, ion temperature and ion 
constituents at higher altitudes as measured by SROSS C2 RPA data and the 
observations are used to assess the predictability of the International Reference 
Ionosphere models along 770 meridian. A very interesting phenomenon at the 
equator has been observed during sunrise and is known as : morning overshoot 
phenomenon. This phenomenon is studied seasonally and with solar activity 
variations. It has been observed by many researchers that during daytime, 
ionosphere transports its constituents to the magnetosphere and during nighttime 
the reverse process occurs i.e. the particles are transported from the 
magnetosphere to the ionosphere. This phenomenon is known as : Diurnal 
breathing of Ionosphere - magnetosphere system. The diurnal, seasonal and 
solar activity dependance of the transition heights of the major components of the 
ionosphere with geomagnetic low latitudes will be studied. Alongwith this the 
behaviour of ion composition during geomagnetic storm is tried to study. 
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                           CHAPTER – 2 
  
MEASUREMENT TECHNIQUES 
 
 
2.1  INTRODUCTION 
Intensive investigations of the ionosphere did not begin until its usefulness for 
radio propagation became apparent in the early 1930’s. Frequencies above 
about 2 MHz had been relegated to radio amateurs for experimental purposes 
because they were thought to have no commercial use. Long – distance wireless 
telegraphy at that time were carried out at much lower frequencies, where large 
and cumbersome radio transmitters were needed. However, radio amateurs 
succeeded in establishing contact with each other over very great distances, 
even with the quite low radio powers which were permitted by them by 
government regulations. Beginning about 1930, therefore, high frequency 
propagation by means of the ionosphere became the normal means of 
communication over long distances, both for broadcasting and telegraphy. It was 
found that the frequency bands which were usable for this purpose varied from 
night to day, with season, and with the stage of the sunspot cycle. Some means 
of measuring and even of predicting this behaviour was therefore vitally 
necessary. It was then found that the upper limit to the frequency of propagation 
was then related to the peak electron density which was measured by means of 
a ground based radar whose frequency could be varied; this device came to be 
known as an ionosonde. Networks of these ionosondes, capable of determinig 
the properties of the ionosphere from the ground, were set in various parts of the 
Globe, and as many as two hundred stations have been furnishing regular data 
on the ionosphere to central collection agencies which analyze them and issue 
radio propagation predictions. These predictions permit radio communication 
engineers to judge with considerable accuracy which short wave band would be 
the best for communication to any given place at any time. 
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Until the end of World War II , the ionosonde was the only useful technique 
for probing the atmosphere. For several reasons, however, it had given only a 
very limited understanding of the physics of the formation of the layers. First, it 
was capable of detecting only one of the constituents of the upper atmosphere, 
namely electrons; second, its capability of detecting the maximum electron 
density at F region peak, but have limitation with lower limit of electron density. 
However, rockets and satellites have since made possible a whole range of 
additional experiments, including the sampling of the atmosphere by a sensor 
immersed directly in it and use of radio techniques involving propagation from the 
rocket or satellite to the ground (or vice versa). Typical of the data which have 
been informative are the identification of the various minor constituents of the 
neutral atmosphere, the detection of upper atmospheric wind motions by 
releasing luminous trails from rockets, the orbiting of a miniature version of an 
ionosonde in a satellite to sound the ionosphere from above instead of below, 
and so on. 
There are three ways of observing geospace and they are : ‘direct’, ‘indirect’ 
and ‘remote sensing’. 
i) Direct sensor : A direct sensor is an instrument which is placed in a medium to 
measure some property (e.g. temperature) of its immediate surroundings. Direct 
methods are usually specific in that they respond only to that, which is to be 
measured, but they may disturb the medium by their presence and in fact even 
may give some false readings. This is relatively expensive as a vehicle is needed 
for it. 
ii) Indirect sensor : An indirect sensor is also placed with the medium. It is not 
instrumented with a detector, but properties of the medium are deduced by 
observing the motion of the sensor from a far. As we know, density, temperature 
and wind may be measured by indirect means. This approach requires a vehicle 
that may be rather simple and relatively inexpensive.      
 iii) Remote sensing : Remote sensing is mainly concerned with the 
measurement or acquisition of properties of an object without physical contact. 
Depending on its physical features and chemical properties the earth surface 
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emits different kinds and amounts of electromagnetic energy in various 
wavelengths. In passive remote sensing, the reflected or emitted electromagnetic 
energy from the earth surface features is measured by the sensors operating in 
different selected spectral bands onboard the airborne/spaceborne platforms. 
This energy is originally received from the sun. It travels through the atmosphere 
and is reflected or emitted by the earth features. The reflected/emitted energy 
travels back through the atmosphere and is detected by onboard sensors. The 
sensed signal is tape recorded for telemetry and then propagated to ground 
antenna through atmosphere in the form of digital data. The received signals are 
processed in a variety of ways based on the user’s requirements. 
2.2  Insitu measurement 
Instruments have been designed for the direct measurements of many 
variables of the atmosphere and ionosphere. When instruments are mounted on 
satellites they are most useful for long term monitoring above about 200 km. The 
parameters most frequently sought are the vertical distribution of each of the 
neutral and charged constituents of the atmosphere, and the temperatures of the 
electrons and the ion and neutral species. To determine the composition one 
requires a mass spectrometer, but much information about concentrations and 
temperatures can be obtained from simpler devices variously known as ‘probes’, 
‘traps’ and ‘analyzers’, and many such instruments have been flown on rockets 
and on satellites over the years. 
A probe is projected into the medium and draws from it an electric current of 
electrons or ions depending on the sign and magnitude of the potential applied to 
it. A trap collects ions from the medium because the vehicle in orbit moves faster 
than the ions and so sweeps them up from its path. Additional electrodes are 
often incorporated to enable a more detailed analysis to be made in real time, the 
results being transmitted to a ground station by telemetry. 
2.2.1  Langmuir probe 
This probe has been commonly used to investigate laboratory plasma as well 
as the ionospheric plasma [ Sayers (1970); Prakash and Subbaraya (1967); 
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Smith (1968) ]. The extraction and selection of the particles is done through the 
application of potentials to the system of electrodes or grids, and the flux of 
collected particles is transduced to an electronic signal by means of appropriate 
detectors and amplifiers. The basis of this class of device is Langmuir probe, 
from which they are derived what they all have in common is that the particles 
measured are of relatively low energy and they are detected by the current they 
carry. Curve shows the ideal current – voltage characteristics of a Langmuir 
probe. Vs is the space potential which serve as the reference potential for the 
probe. We can imagine its significance by supposing an open wire grid to be 
placed in the ionized medium, and its potential being varied. When the flow of 
electrons and ions through the holes in the grid is not altered by the grid’s 
presence, the space potential is determined. 
If the grid is replaced by a plate at the same potential, electrons and positive 
ions both will be collected, the electron current proportional to – Neve , and ion 
current to +Nevi , N is the electron and ion density (assumed equal) in the 
medium; e is the magnitude of the electronic charge, and ve and vi are the 
electron and ion speeds respectively. Thus the total current to the plate depends 
on Ne(vi – ve) when its potential is Vs. This current is not zero, but is negative 
because the electron velocity is larger than the ion velocity. Fig. 2.1 shows the 
variation of current with the probe  potential. 
The negative current represents a preferential flow of electron to the plate, 
and if the plate is now disconnected from the external potential it will become 
more negative until its potential is Vf, the floating potential. By the same 
mechanism a satellite in the ionosphere acquires a negative potential of above 
1V. At the floating potential the net current is zero, i.e. e(Nivi – Neve) = 0, where 
we allow for different ion (Ni) and electron (Ne) densities. Since it is still true that 
ve > vi, it follows that at the floating potential Ni > Ne near the plate. The 
negatively charged plate is thus surrounded by a positive sheath, which 
effectively controls the current to the plate much like the space charge in a 
simple electronic diode. The thickness of the sheath is the Debye length. 
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The physical basis of the Langmuir probe, then, is the different masses of the 
electrons and ions, and the resulting dependance of the net current on the probe 
potential. The characteristic curve has three distinct regions. 
 
 
 
 
Fig. 2.1 Represents a theoretical volt-ampere curve from a Langmuir    
probe sweep.  
(i) If the probe potential, V, exceeds the space potential, Vs, ions are repelled but 
electrons are attracted to the probe. The current depends on the electron density 
in the medium, Ne, which may therefore be determined. 
(ii ) Between potentials Vs and Vf most of the current is due to electrons but they 
are then subject to a retarding potential Vr (=Vs – V) which keeps away the 
slower electrons, and only those with v > (2eVr/me)1/2 reach the probe. In a 
Vf 
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Maxwellian distribution, the number of electrons with velocity component 
between vx and vx+dvx in the x – direction is proportional to exp.( - mvx
2/2kT)dvx.  
Thus the number received by a plate in unit time, to which, the current is 
proportional, is 
                             ∞ 
                              ∫ vx exp ( - mvx2/2kT)dvx 
                                         (2Vre/m) 
 
Thus, by integration, 
         I = I0 exp. (- eVr/kT) 
The slope of the curve between Vr and Vs is steeper for lower temperature, 
and a plot of log I against Vr has a slope proportional to 1/T. 
 (iii) If V < Vr, the electrons are repelled but ions are collected and in principle Ni 
(generally = Ne) can be found from this saturation current. However a somewhat 
different treatment is required because the ion speed is generally less than the 
speed of the spacecraft, and the collection condition is therefore eVr ≤ mivsat
2/2. 
The ion masses and abundances can be determined in this mode. 
2.2.2  Retarding potential analyzer 
For the study of ions, a development of the Langmuir probe involves the 
addition of four extra grids 
G 1 – Input grid 
G 2 – Retarding grid 
G 3 – Suppressing grid 
   and  G 4 – Shielding grid 
which illustrates the retarding potential analyzer (otherwise known as an ion trap) 
used on the low altitude Dynamic Explorer. 
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Some of these grids act as screens, keeping out electrons or screening 
the detector from electrical changes on other grids. The important grid is G 2 , 
whose potential could be varied between 0 and +32V. Most of the ions arrive with 
approximately the same velocity that of the satellite but G 2 turns back the lighter 
ones, the condition being as for the Langmuir probe in ion collection mode. Thus 
the ion concentration can be determined for the various masses present, and a     
  
Fig. 2.2 shows the mechanical drawing of RPA sensor.( Garg & Das, 1995) 
detailed analysis of the current voltage curve gives ion temperature as well. 
Knowing the satellite velocity, it is also possible to measure the component of 
bulk ion drift in the direction of spacecraft motion. Fig. 2.2 shows the RPA 
Sensor. 
2.2.3  Ion drift meter 
The ion drift meter is a variant of the ion trap, which gives components 
of the drift velocity normal to the satellite’s orbital motion. This does not 
require a retarding grid, but the divider is divided into sectors and the relative 
currents reaching them give the direction from which the ions arrive. To get 
the velocity components it is necessary to know the ion velocity along the 
orbit, for e.g. from a retarding potential analyzer. 
2.3    System used in Present study 
2.3.1  RPA Experiment on board SROSS C2 satellite 
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Indian space programme is primarily directed to operationalise the  
regional and global applications of understanding and monitoring land, ocean 
and aerological processes using space platforms. The Indian Space Research 
Organisation (ISRO) developed the SROSS spacecraft as follow–ons to the 
successful Rohini satellite series. The SROSS vehicles were carried to designed 
to carry small scientific and technology payloads, including astrophysics, Earth 
remote sensing, and upper atmospheric monitoring experiments. 
The Retarding potential analyzer (RPA) aeronomy experiment designed 
and developed at National Physical laboratory (NPL) was sent in space onboard 
on Indian satellite SROSS – C2 on May 4, 1994. A 114 kg satellite SROSS – C2 
of Indian Space Research Organisation (ISRO) was launched from Sri Harikota 
Range (SHAR) having 460 inclination. This satellite carried an improvised version 
of RPA and Gamma Ray Bursts  (GRB) and is put in an elliptical orbit of 930 x 
430 km by ASLV D – 4. After two months of operation, the satellites apogee was 
brought down to 620 km and perigee of 430 km using the reaction control system 
on board. 
Spacecraft : 
 Spin – stabilized 
 Octagonal structure 
 NiCd Battery 
Payload : 
 Payload capacity of 15 – 35 kg 
SROSS C2 :      carried a gamma – ray burst (GRB) experiment and a 
Retarding Potential Analyzer (RPA) experiment. The GRB monitored 
celestial gamma ray burst in the energy range, 20 – 3000eV. The RPA 
measured temperature, density and characteristics of electrons in the 
Earth’s ionosphere. 
Size :   0.32 m diameter, 0.86 m tall 
Orbit :            430  x 620 km 
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Stretched Rohini Satellite Series ; measured ionospheric plasma and 
gamma rays. 
                      Table 2.1  Parameters of the SROSS C2 Satellite 
 
 Launch Date   4 th May 1994 
Country of origin  India 
Mission   Scientific : ionospheric study 
Perigee / Apogee  430/619 km 
Inclination   460 
Orbital period  95.1 minutes (Elliptical orbit) 
Launch vehicle  ASLV D – 4  
Mass at launch  114 kg   
Beacon frequency  137.400 MHz 
Payload capacity  15 – 35 kg  
Size   0.32 m diameter, 0.86 m tall 
Orbit    LEO 
Site    Sriharikota   
Velocity of satellite  7.8 Km/sec 
 
The RPA experiment onboard the SROSS – C2 consists of an ion RPA 
and a potential probe for making simultaneous measurements of the Ion and the 
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Electron plasma parameters. The Ion RPA makes measurements of the total ion 
density (Ni), irregularities in the Ni, temperature of the ions (Ti) and densities of 
the various ions (H+, He+,O+,O2
+ and NO+ ) present in the ionosphere . The  
Electron RPA makes measurements of the total electron concentration (Ne), 
irregularities in the Ni, the temperature of the electrons (Te), and the 
suprathermal flux upto 30eV. Variations in the satellite potential with respect to 
plasma potential during satellite spin and motion are measured with the help of 
the Potential probe. 
2.3.2  Principle of operation 
RPA sensor is a pentode (vacuum tube) like structure and uses plasma as 
cathode. The electrons and ions entering the sensor through an open aperture 
passes through a region which is electrically segmented by a series of very fine 
gold plated tungsten wire mesh grids before reaching the solid collector plate. 
The current thus collected at the collector is very small in amplitude and has a 
large dynamic range, ranging from a few pico–amperes to tens of micro– 
amperes. 
By applying appropriate voltages on different grids, only those electrons (in 
electron RPA) or ions ( in ion RPA) whose energies are greater than the applied 
voltage on the retarding grid, are allowed to reach the collector plate to cause 
collector current which is measured by sensitive electrometer amplifiers. The 
characteristic curves of the collector current versus retarding grid voltage (I–V 
curve) are used to derive information about  electron/ ion densities, their 
temperatures and other parameters. When the retarding grid is swept highly 
negative in electron RPA, the instrument gives information about the 
suprathermal electron flux having energies greater than 3eV. In the present 
experiment, the suprathermal electrons upto 27eV are measured. 
2.3.3  RPA sensors 
RPA sensors are extremely compact and rugged mechanical transducers. 
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The electron/Ion RPA sensors utilize the planar geometry and consist of 
multigrided Faraday cusp with collector electrodes. The two sensors are 
essentially identical mechanically but differ in voltages applied on their grids for 
collecting electrons or ions in respective sensors. 
Analogus to pentode vaccum tube, different grids in RPA sensors are known 
as : 
a) Entrance grid 
b) Retarding grid 
c) Suppressor grid 
d) Collector shield grid 
e) Collector electrode 
These grids are very fine and made from 100x100 and 50x 50 count 
gold plated tungsten wire mesh (wire diameter of 0.025mm) having optical 
transparency as high as 90% to 95% . The interface between closely packed 
grids is kept quite small and varies from 0.8mm to 2mm. 
The entrance grid is a double grid (intergrid spacing 2mm) which is kept at 
the spacecraft potential in ion sensor. In electron sensor the voltage on it is 
varied from 0 to +5V in 8 discrete steps through ground telecommand. This 
voltage compensates the effect of spacecraft charging over the electron RPA 
sensor. 
Retarding grid is also a double grid to which a time varying or fixed electric 
potential is applied in different modes of RPA operation. It allows only those 
ions/electrons whose energies are greater than the applied voltage bias, to pass 
through and hence it acts as an energy filter for ions or electrons entering the 
sensor. A varying voltage thus gives the energy spectrum of the plasma flux. 
Suppressor grid is a single grid and held at appropriate potential to prevent 
electrons/ions from reaching the collectors of ion/electron sensors respectively. 
Potential on this grid is kept positive (+17V) in electron sensor and negative (-
24V) in ion sensor. 
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Collector shield grid protects the sensitive electrometer connected to the 
collector from electrical transients generated by changing potentials on other 
grids. It is held at spacecraft potential in both the sensors. 
The collector electrode is a gold plated solid metal plate which is insulated 
from other grids and the body of the sensor. It is electrically connected to the 
input of the Electrometer Amplifier (EA). Electrometer Amplifier measures the 
positive and negative currents collected by the RPA sensors. As collected current 
is expected to be as low as fraction of a pico-ampere, the collector electrode is 
highly insulated from the housing of the sensor. (Insulation resistance 1012 
ohms). All parts of the sensor are gold plated to avoid degradation of surface 
properties due to oxide formation in space. 
2.3.4  PP Sensor 
The PP Sensor is a gold plated spherical metallic probe mounted over a 
metallic stem. It can be operated in voltage or current modes through ground 
telecommands. 
In voltage made of operation, this measures the difference of S/C potential 
and the floating potential of the probe. This parameter is used to estimate the 
S/C potential with respect to plasma. In current mode of operation PP works as 
normal Langmuir probe and measures electron/ion currents with respect to the 
voltage bias applied on it. In this mode the PP can be used to measure electron 
and ion densities. 
2.4  Other Techniques 
The other techniques of direct measurement used to study plasmas in the 
laboratory are: d.c plasma probes, particle energy analyzers, and mass 
spectrometers. 
2.4.1  Plasma Probes 
In general d.c probe measurements are not very reliable or accurate and 
consequently, many investigators have turned to radio frequency types of in–situ 
probes. There exists a large variety of these probes including resonance 
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rectification probes, short antenna capacitance probes, short or long antenna 
impedance probes, and plasma capacitance probes, using a pair of spaced grid 
electrodes. 
Most of the antenna type probes involve somewhat complex theory with 
subsequent doubts regarding the accuracy of the calculations of electron density. 
These have been cases of experiments which showed a very good agreement 
with other measurements of electron density  ( such as ionosonde 
measurements) but other results of comparison have been unsatisfactory. The 
same situation exists in the case of resonance rectification probes. The upper 
hybrid resonance probe and the plasma capacitance probe seem to be both in a 
more satisfactory state and electron density measurements by these probes may 
be accepted with some confidence. It is probable that the upper hybrid 
resonance probe gives a measuring accuracy of about ± 3% under favourable 
conditions and this may be better than any other measurements with which it 
might be compared.  
The plasma capacitance probe, with an accuracy in the region of 5%, is 
not so precise as the upper hybrid resonance probe but it can be used over a 
very wide range of electron densities, from 102 to 107 cm-3, and with a probing 
frequency of 40 MHz it is applicable in the lower ionosphere. 
2.4.2  Impedance probe 
An alternative approach is to measure some electrical property of the 
medium in bulk and then obtain its plasma density from theory. At radio 
frequency ω rad/sec, a plasma with N electronsm-3 has a dielectric constant 
given by, 
κ = 1 –    Ne2 
     Є0 m ω2   
Where e and m are the electronic charge and mass, and Є0 is the 
permittivity of free space. A standard laboratory method for measuring the 
dielectric constant of a material is to measure the capacitance of a parallel – 
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plate (or other form of) capacitor with a slab of material between the plates. Then 
(in the parallel plate case),  
C = Є0κA/ d 
‘A’ being the plate area and ‘d’ the plate separation. 
The same method can be applied to the ionospheric plasma, the capacitor 
being part of a tuned circuit whose resonant frequency therefore depends on the 
dielectric constant and hence on the electron density of the plasma. One 
technique is to control the frequency of an oscillator with the tuned circuit and to 
telemeter its frequency to a ground station . If the device is carried on a rocket a 
profile of electron density against height can be measured. The impedance probe 
resolves finer structure, but is probably less accurate in absolute terms. 
2.4.3  Resonance probe 
A resonance probe uses the observation that if a radio transmitter and 
receiver are placed in the ionosphere they are characteristic frequencies at which 
the medium appears to resonate. The resonances appear as spikes on 
ionograms, and they represent a local storage of energy at frequencies where 
the ionosphere has a natural resonance. The fundamental frequencies are the 
plasma frequency.  
ωn  = [  Ne2 / mЄ0 ]1/2 
And the gyrofrequency, 
ωB =   eB 
m 
But resonances also occur at combination frequencies such as (ωN2 + 
ωB2). 
2.4.4  Mass spectrometers 
Mass spectrometers are used in rockets and satellites to determine the ion 
masses present in the ionosphere. Even though energy analysis of the ions ends 
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up discriminately them by mass, it is necessary to carry out a finer mass 
discrimination : 
- in the upper and middle ionosphere, in order to determine the relative 
abundances within the category of light (H+, He+), medium (N+,O+) and 
heavy (N2
+, O2
+, NO+) masses, which are not further separated by 
simple electrostatic analyzers, and  
- in the lower ionosphere, in order to identify correctly the chemical nature 
of the peculiar species that dominate there (metallic ions, hydrates, and 
negative ions). 
Mass spectrometers can also be used to find the neutral particles with an 
arrangement to ionize these particles by an electron gas before their entry into 
the ion mass spectrometer [ Spencer,(1971)].The ions on their entry into the 
instrument are made to move through a gap between two spherical conductors 
across which electric or magnetic fields are applied and are counted at the other 
end. The ion will remain in the gap if  2mv
r
=Ee   (as shown in fig.2.3 ). 
In fig. 2.3 principle of electric or magnetic field deflection mass spectrometer 
is shown illustrating the free motion of an ion between concentric spherical 
conductors across which the field is applied,. Depending on the value of E or B 
only an ion of the right mass will be able to complete its path to be counted by 
the counter at the other end. 
As the ion is made to move freely in the gap under the action of the field, 
collisions of these ions with other particles must be unimportant and their mean 
free paths must be large compared with the gap length. This is so above 100km 
(for the instruments used in space vehicles) where the mean free path of an 
electron and ion is greater than 70cm and 10cm respectively, but in the D – 
region the mean free paths are very small and hence, it is necessary to reduce 
the pressure inside the spectrometer by continuosly pumping out the air to make 
the ions enter through a hole so small that the pressure difference between the 
outside and the inside is maintained. Some common types of mass spectrometer 
are as follows :  
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2.4.5  The Magnetic deflection mass spectrometer 
  
 
 
 
 
 
 
 
 
Fig.2.3 Shows principle of electron or magnetic field deflection mass 
spectrometer 
Here in fig.2.3 an ion with velocity v is accelerated by an electrostatic field 
and deflected subsequently by a magnetic field through an angle of 600, 900 or 
1200 to follow a circular path of radius 
r =  mv 
                   eB 
= 1  [2mV/e ]1/2 
 2 
The ions of different m/e will have different radii of curvature for a given 
potential V and for a given radius of curvature, ions can be distinguished by 
varying v. The magnetic field in the instrument is produced by a permanent 
magnet and so it makes the instrument heavy and leads to possible interference 
with other measurements like the geomagnetic field. Hence, these are used 
mostly in rockets rather than satellites.  
2.4.6  The Benett (RF) mass spectrometer 
Spectrometers of this type are simple in operation and can be very light and 
hence, are widely used [ Bennett (1950)]. They work on the principle of different 
F ield E 
Counter 
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time of flight required for different ions by virtue of their different masses to travel 
between the grids separated by a known distance under the influence of d.c and 
r.f potentials. In fig. 2.4 Schematic of Bennett high frequency mass spectrometer 
with 5 grids is shown. A sinusoidal a.c potential is applied to grid-3 ( for simplicity, 
its working a square – wave is shown here).  
The ions are accelerated through grid – 1 through a d c potential V and pass 
through grid, 3 and 4 separated by d. Grids 2 and 4 are connected and an r.f 
potential of amplitude say, V1 (< V) is applied to grid – 3. Only the ions which 
have the velocity   d/τ   (where τ is period of r.f ) will be accelerated between 
grids 2 and 3 and grids 3 and 4 and thus emerge from grid – 4 with energy e(V 
+2V1) and pass through grid – 5 which is held at slightly smaller potential 
(retarding potential) V+2V1- δV to be counted by the counter behind grid – 5. 
Thus different ions are counted at different times and the whole spectrum is 
obtained. There can be as many as 17 grids accurately spaced and adjusted to 
measure ions from say, 1 amu to 60 amu, of interest to ionosphericist. The 
neutral atmospheric mass density can also be measured by first ionizing the gas 
as it enters the mass spectrometer by means of an electron gun fixed at the 
entrance slit. 
 
Fig. 2.4 Schematic of Bennett High Frequency Mass Spectrometer with 5 grids. 
Counter 
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5
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2.4.7 The Quadrupole mass spectrometer 
 
    Fig.2.5  Cross-section of the quadrupole flight instrument     
This consists of four parallel conducting cylinders fixed at the corners 
of a square, opposite pairs being connected and a potential difference, part 
d.c and part a.c , V0 +V1 cos(ωt), is applied between them. The ion beam is 
made to pass along the axis of symmetry of the system and at the proper 
voltages only one kind of ion can traverse the entire length of the system 
determined by the ratio V1/V0 to be counted at the other end while other ions 
get deflected out of the beam and strike the conducting cylinders [ Bailey and 
Narcisi (1966) ].  
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                  CHAPTER – 3 
 
          STUDY OF ELECTRON AND ION TEMPERATURES 
 
 
3.1  INTRODUCTION 
 
Thermospheric dynamics consist of closely linked interactions between 
several upper atmospheric processes and parameters: neutral winds, tides, 
temperature, pressure, neutral density and F-region plasma. Modification of any 
one of these can affect the others. The electron temperature is determined by the 
balance of heating through photoelectrons created by the solar EUV (  λ < 796 Å) 
irradiance, cooling through collisions with the cooler neutrals and ions, and heat 
conduction along magnetic field lines. All three terms increase with solar activity 
due to the increase in EUV photon fluxes, neutral densities and plasma densities. 
As a result the electron temperature may increase, decrease, or stay constant 
with increasing solar activity. For example, if the heat losses increase faster than 
the heat gains, the electron temperature will decrease with solar activity; if they 
increase equally, the temperature will stay constant. 
The electron temperature in the F region of the ionosphere is determined 
by various competing processes: heating, cooling and energy flow. The overall 
flow of energy as far as the electrons are concerned is illustrated schematically 
by Schunk and Nagy (1978) in fig. 3.1 for the low- and mid- latitude ionosphere. 
Hanson and Johnson (1961) have suggested that energetic photoelectrons 
produced by the incident solar ultraviolet radiation may give rise to an electron 
temperature Te in the daytime ionosphere which is higher than the neutral 
particle and positive ion temperature Ti and experimental evidence supporting 
this view has been obtained then by Spencer et al ( 1962 ) who found that Te is 
much greater than Ti at altitudes between about 100 and 400km, the maximum 
value of Te lying between 2400K and 3000K. 
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3.2 Survey of existing work on electron & ion temperatures  
Evans ( 1973 ) has investigated the seasonal and sunspot cycle variations 
of electron temperature at 300 km and 500 km altitude using incoherent scatter 
measurements of the Millstone Hill radar from January 1964 (close to solar 
minimum ) through June 1968 (close to solar cycle maximum). His results show 
that for the mid-latitude station the seasonal variations are much stronger than 
the variation with solar activity. 
The behaviour of the equatorial ionosphere is significantly different from the 
mid - latitude one because of the near – horizontal magnetic field lines and the 
related electrodynamic effects. The horizontal magnetic field lines inhibit vertical 
transport and heat flow; therefore the vertical electron temperature profiles 
resemble, to a first order, the profiles calculated by neglecting thermal conduction 
effects [ e.g. Dalgarno et al (1963) ]. 
McClure (1969) has studied the Thomson scatter electron and ion 
temperature (Te and Ti) profiles from Jicamarca, Peru, near the magnetic 
equator. The temperature of the neutral atmosphere (Tn) was deduced from Te 
and Ti measurements made near the equator because Te – Tn is small (near 0K 
at night; near 100K around 400km by day). The diurnal variation of Te and of Tn 
is : Te increases at an almost constant rate of about 16K/hr from about 0800 to 
1600 hr, then decreases rapidly near sunset. It decreases at an almost constant 
rate of about 10K/hr from about 2100hr until sunrise. The daytime electron 
temperature depends very strongly on the electron heating and loss rates which 
in turn result in strong electron density dependence.  Brace and Theis (1978)  
showed the dependence of electron temperature (Te) on electron density (Ne) 
based on the data obtained with the Atmospheric Explorer C Satellite . 
Nighttime Te and Ti measurements with Ogo 6 have established plasma 
temperature perturbations on both sides of the geomagnetic equator [ Hanson  
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       Fig. 3.1 Electron energy flow in the ionosphere [ Schunk and Nagy     
      (1978)] 
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Fig. 3.2 Diurnal variation of electron temperature (Te) and ion temperature 
(Ti) between 200 and 700 km, measured by incoherent scatter at a mid-latitude 
station, April 1964. (After J.V.Evans (1967)) . 
 
et al (1973) ] at higher altitudes ( ≥ 500 km). It was proposed, by using first 
qualitative and then quantitative arguments [ Hanson et al (1973) ; Bailey et al 
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(1973) ], that adiabatic compression and expansion of the plasma, being 
transported across the equator along the field lines, will result in the observed 
heating and cooling respectively. 
Nighttime Te and Ti measurements with Ogo 6 have established plasma 
temperature perturbations on both sides of the geomagnetic equator [ Hanson  
et al (1973) ] at higher altitudes ( ≥ 500 km). It was proposed, by using first 
qualitative and then quantitative arguments [ Hanson et al (1973) ; Bailey et al 
(1973) ], that adiabatic compression and expansion of the plasma, being 
transported across the equator along the field lines, will result in the observed 
heating and cooling respectively. 
For high solar activity the Te profile exhibits a pronounced peak at about 
200 km [ Banks (1966 b) ], while for medium and low solar activity the electron 
temperature increases monotonically at all altitudes [ Nagy et al (1969) ]. 
At low latitudes, at night the electron temperature and ion temperatures are 
lower on the summer side of the magnetic equator than on the winter side [ 
Hanson and Sanatani (1970) ; Hanson et al (1973)]. Also, at night above 500km 
near the magnetic equator the measured electron and ion temperatures 
frequently appeared to be well below the expected neutral temperature. Hanson 
et al (1973) suggested that the plasma had cooled owing to expansion and that 
one of the causes might be upward expansion of plasma during inter-hemisphere 
transport along geomagnetic field lines. 
Burnside et al (1983a) used ground based Fabry – Perot observations of F 
– region neutral winds, together with simultaneous ion drift data from the Arecibo 
radar (18.30 N, 66.70 W, geographic) to investigate the effect of polarization 
electric fields on F-region electrodynamics [ Burnside etal, (1983b)]. The results 
demonstrated the importance of electric fields originating in the F – region of the 
conjugate hemisphere. Further analysis of plasma and neutral dynamics from the 
Arecibo radar data was reported by Burnside etal (1985) and Behnke etal (1985). 
The latter authors used ion and neutral wind information over Arecibo for a set of 
case studies to determine the nature of the complex interplay between the forces 
acting on the nighttime F layer plasma under different conditions. They showed 
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that both the F – region dynamo mechanism and the external field – diffusion 
velocity mechanism could control the dynamics of the F – layer at different times. 
Baron and Wand (1983) reported ion temperature measurements in the F – 
region, spanning two separate days near summer solstice, from a coordinated 
study at the Chatanika and Millstone Hill radar facilities. Observed periods of ion 
temperature enhancements are attributed to joule heating associated with ion 
neutral velocity differences. The required westward neutral wind would be nearly 
aligned with the ion flow in the evening sector, but the larger and longer ion 
temperature enhancements during morning might arise from an equatorward 
wind. These inferred neutral wind patterns are considered consistent with 
thermospheric models [ eg. Roble etal (1982) ] and other more direct wind 
measurements [ eg. Heppner and Miller (1982)]. 
3.3  Determination of electron temperature (Te) from electron RPA data 
The details of the procedure for determining the electron temperature from I 
– V curve of RPA is described here. 
The I – V curve obtained from the electron RPA is shown in figure 3.3. Here 
the log of electron current collected by the probe is plotted against the retarding 
grid voltage. Three distinct regions can be identified in this curve. When the 
probe voltage is positive relative to plasma , electrons are accelerated towards 
the probe, and we have a fairly flat saturation portion of the probe characteristics. 
When the probe voltage is made negative with respect to plasma, the incoming 
electrons experience a retarding field and the probe decreases exponentially 
resulting in the retarding region of the characteristic. This region is linear on a 
semi log scale as may be seen in fig. 3.3  as the probe is made more negative, 
the low energy thermal electrons are repelled away. But probe still collects a 
small current that is due to higher energy supra thermal electrons. The lower flat 
portion of the curve denotes the super thermal region. In the daytime this flux is 
more and also gets contaminated by the photoelectrons if its probe is sunlight. 
The retarding region of I – V curve is related to the distribution of electron 
energies and hence can be used to obtain electron temperature (Te). 
The relationship between the collector current I and retarding grid voltage in 
the retarding region is as follows : 
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Ie = ¼ η A e Ne Ue exp. (- e ( V + Vs)/k Te) 
Ie = I0 exp. (-e (V + Vs)/k Te) 
For I0 = ¼ η A e Ne Ue 
Ie = I0 exp. ( -e Vp/ k Te) 
Where, 
I0 - the random current when probe is at plasma potential  i.e. for V 
+ Vs = 0 
 η - efficiency of the probe ( 70 % for electron sensor) 
 A - Area of the probe = 20 cm2 in the present sensor 
 Ne - Electron density (m
-3) 
 Ue –mean thermal velocity of the electron    
       = (8 kTe/ πme)1/2  
 m e - mass of the electron = 9.1 X 10
-31 kg 
 k - Boltzmann constant = 1.38 X 10-23 JK-1 
                      Te - Electron temperature (K)  
V - Retarding grid voltage. (This is measured with respect to   
satellite ground) 
Vs - Satellite potential with respect to plasma  
  e  - electron charge = 1.602 X 10-19 C 
                         Vp = V + Vs – probe potential  with respect to plasma. 
                         Ie = I0 exp.( -e( V +Vs ) /kTe ) 
Taking logarithm on both the sides, we get 
                            ln Ie = ln I0 – e (V + Vs ) /kTe 
 
   
                              
 
 
 
  51   
 
 
 
 
 
 
 
 
 
 
 
               Fig. 3.3  Electron RPA curve 
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During a single I – V curve the satellite potential can be assumed to remain 
constant. Therefore I0 and Vs may be taken as constant. The above equation 
represents a linear relationship in lnIe and V with slope (e /k Te), the temperature 
Te can be determined from the slope of the semi – logarithmic plot of the I – V 
curve. 
  Therefore the above equation reduces to, 
                    ln (Ie) = eV/kTe = (e/kTe) V 
                    d  (ln Ie ) =   e  
                     dV              kTe 
On substituting the values of e and k the expression for electron 
temperature reduces to 
                Te =      5040   
                     d ( ln Ie ) 
                   dV 
The electron temperature is determined by the slope of the linear region of 
the I – V curve. The approach that we adopted for evaluating the slope is linear 
curve fitting in which least square technique is employed to fit a straight line to 
the measured data in the retarding region. 
The electron temperature, Te obtained by the above method is arranged in a 
tabular form at different latitudes and time of the day to get the contour plots.    
3.4 Determination of Ion temperature (Ti) from ion  RPA data 
Ionosphere, as we know, is a multiconstituent plasma populated by 
different ion species. The most abundant ion species in the altitude regions 
covered by the present measurements (430 to 650 km) are O+, O2
+, NO+, He+ 
and H+. These different ion species because of the differences in their masses, 
get retarded at different voltages and sweeping of retarding voltage positive will 
result in decrease of ion current at different voltages corresponding to the various 
ion masses giving rise to a composite I – V curve as shown in fig.3.4. The ion 
current reaching the sensor in response to the retarding voltage is governed by 
the following eqn:                                           
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  n         
        I = A e Us cosθ  Σ ηi Ni [ ½ + ½ erf (x) +  Ci exp.( - x2)  ]                 (a) 
             i = 0            2 √(πUs cosθ) 
 
                 Where, 
     ηi = efficiency of the probe (grid transparency) 
                                   = 0.5 
                       A = area of the probe aperture = 20 cm2 in present sensor 
                       Us = Satellite velocity = 8 km/sec 
                        θ = angle between the velocity vector and probe normal 
                        Ni = density (m
-3) of the i th ion 
                        e = electron charge = 1.602 X 10-19 C 
                        x = a – b,  a = Us cosθ and b = { e (V + Vs ) }1/2  
     kT                                                             
Vs= the satellite potential w.r.t plasma 
  Ci = (2kTi/mi)1/2, most probable velocity of the ion constituents 
                        Ti  = ion temperature ( K)                  
         K = Boltzmann constant = 1.38  X 10-23 JK-1 
     mi = mass of ion (kg) 
                         x =      Vs cosθ              {e ( V + Vs) }1/2 
                                 ( 2k Ti /mi )1/2                kTi 
 
Once the I – V curve is obtained the main task is to recover the ion 
parameters of density and temperature using the above equation.  
Ion density should give the total ion concentration as well as information  
on the composition of the major ion constituents. 
Satellite potential is also one of the unknown parameters. The other 
quantities of and, are available from the measurements. It may be noted from the 
above equation that it is a non linear equation and therefore appropriate method 
of obtaining the unknown parameters is obtained by computerized curve fitting.                         
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             Fig.3.4  The Ion Retarded Potential Analyser curve 
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The approach that we adopted, the computer program first constructs a 
model I – V curve with the help of the above equation by using typical values of 
the unknown variables Ni, Ti, Vs, which are ionospheric conditions. Estimation  
procedure essentially involves adjusting these parameter values in the computer 
generated to make it match with the experimentally obtained curve applying the 
least square method of minimizing standard error. By iteration, we update the 
model curve  step by step and calculating the variables . Every time the standard 
error is calculated and iterations are continued until the best least square fit to 
the measured curve is obtained. When the two curves match, the fitted variables  
will yield the needed plasma parameters corresponding to the experimental 
curve. 
The saturation current around 0 volt retarding voltage gives the total ion 
density as all the ions reach the sensor and collected by probe without any 
retardation. Eqn. (a)  at no retardation reduces to 
                 I i,o  = Ni  e A Us cosθ 
Therefore, total ion density can be calculated first by knowing Us and  θ 
without any information of Ti and Vs. 
3.5  Data and method of Analysis used in the present Thesis 
The RPA payload Sross C2 satellite downloads the data in binary format, 
which is received at three different locations viz. Lucknow, Bangalore and 
Mauritius. To reduce the data into usable form of electron temperature, ion 
temperature and ion composition, cumbersome process has to be done. The 
necessary software is developed by Garg – etal (1996) of radio science division 
of NPL, New Delhi. The detail about the software is documented in the report 
published by  Garg & Das (1995). 
The RPA payload does not incorporate any onboard memory for data 
storage. Hence the payload is switched on during the satellite visibilities over that 
particular ground station and data is collected at the T/M (telemetry) tracking 
station. As a result the latitude/longitude coverage of data gets restricted to 
limited region. The data can be collected at ISRO’s Bangalore (12.50 N, 77.30 E ) 
and Lucknow (26.80 N, 80.80 E ) ground stations. 
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In general two day time and two night time passes are visible over 
Bangalore during a 24 hours duration. Data is collected from one day time pass 
and one night time pass for RPA on a regular basis. Depending on the satellite 
elevation angle as viewed from the ground station, satellite visibility varies 
between 7 to 12 minutes. During a high elevation pass data coverage can be 
from 50S to 300N and with an extended visibility from Lucknow ground station, 
data coverage can be had from 560 E to around 1000 E.  
In a low elevation pass latitude coverage may be as low as 100. It may be 
mentioned here that telemetry downlink is common to both RPA and GRB 
(gamma ray burst) payloads. Therefore data of only one payload can be 
transmitted from the satellite at a time. Therefore out of four visible passes, data 
for 2 orbits is recorded for RPA payload and 2 orbits for GRB payload everyday. 
After the recording of the payload Telemetry data, offline processing of 
satellite data is done at ISTRAC Bangalore to generate attitude and orbital 
parameters of the Satellite, separation of payload data from rest of the data 
recorded at Lucknow and Mauritius is also done at Bangalore station only. The 
longitudinal variation of satellite is from 400 E to 1000 E. 
For the analysis of the RPA data, software packages have been developed 
at NPL using Quick basic and Turbo – C languages. These software packages 
are capable of performing various functions such as quality checks, data 
reductions, data analysis, curve fitting and have features to display the results in 
graphic and tabular formats. 
 Temperature data is obtained by analyzing one complete electron and 
ion I – V plots through linear and non – linear curve fitting techniques 
respectively. Each I – V plot is constructed by current collected by the sensors 
with 64 steps of retarding grid voltage applied to the sensor, which takes 1.408 
seconds. During this time, Satellite travels a distance of 10 to 11 km. Only those I 
– V curves which fall within the specified limits are analyzed for deriving the Te 
and Ti. Therefore with 5 rpm spin rate of Satellite, we can have only one sweep 
in one spin period of 12 seconds. Thus spatial resolution of temperature 
measurements is about 95 km. 
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The SROSS C2 Satellite on an average has two passes in a day over the 
receiving station, ISTRAC Bangalore. That means about 60 cycle of observations 
in a given month are available. The data used for the study is of six years, i.e 
from January,1995 to December,2000. In the present study only the electron and 
ion temperatures at a wide range of latitude 00N to 300N at different times are 
used. The diurnal variation of observed electron and ion temperatures of each 
month during solar minimum conditions, from August,95 to July, 96 is studied 
and then compared with the IRI model. These months are grouped in three 
seasons: Winter, Summer and Equinox. The data available in each season is the 
following : Winter – December95, January96, February96; Summer – May, June, 
July, August,96 and the Equinox – March, April,96, September, October,95. The 
data of August, September,95 for ion and November,95 for both electron and ion 
temperature was not available at that time and hence not used, in this study. And 
in the further study, the observed electron and ion temperature for solar 
minimum, moderate solar activity and solar maximum are used and the three 
seasons (Winter, Summer and Equinox) in each activity period are plotted to get 
the contour plots of electron and ion temperatures at different latitudes with time. 
If there were more than one Satellite pass for a given time in a season then the 
average electron or the ion temperature is considered for the further analysis. 
The SROSS C2 payload data follows the Universal time ( U.T ) that is changed to 
local time ( L.T ) to get the clear picture of the observations. 
 The following table 3.1 shows the months for which the data of SROSS C2 
satellite is available and is studied for the diurnal variation of electron and ion 
temperature during various seasons and different solar activities. The satellite’s 
data of two months June,1998 and September,1998 is not available, hence is not 
included in the present study. 
Then the electron and ion temperature is derived using INTERNATIONAL 
REFERENCE IONOSPHERE (IRI – 90) model during different hours and latitude 
of given month and then combined for a season during different solar activities. 
The observed electron and ion temperatures from the satellite are then compared 
with that predicted from IRI – 90 model. 
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3.6  Introduction of IRI model 
Few, mostly mission – specific, models have been developed for the 
electron temperature, ion composition (relative ion densities in percentages). The 
International Reference Ionosphere, the most complete representation of the 
ionosphere, includes models of ion temperature, electron temperature, ion 
composition and ion drift. 
 
Season 
Months of Solar 
Minimum 
Months of 
moderate Solar 
activity 
Months of Solar 
Maximum 
Height 
(Km) 
 
 
 
Winter 
 
 
 
 
 
 
 
Summer 
 
 
 
 
 
 
 
 
Equinox 
November,1995 
December,1995 
January, 1995 
February, 1995 
November,1996 
December,1996 
January, 1996 
February, 1996 
 
May,1995 
June,1995 
July,1995 
August,1995 
May,1996 
June,1996 
July,1996 
August,1996 
 
September,1995
October,1995 
March,1995 
April,1995 
September,1996
October,1996 
March,1996 
April,1996 
November,1997 
December,1997 
January, 1997 
February, 1997 
November,1998 
December,1998 
January, 1998 
February, 1998 
 
May,1997 
June,1997 
July,1997 
August,1997 
May,1998 
July,1998 
August,1998 
 
 
September,1997
October,1997 
March,1997 
April,1997 
October,1998 
March,1998 
April,1998 
 November,1999 
December,1999 
January, 1999 
February, 1999 
November,2000 
December,2000 
January, 2000 
February, 2000 
 
May,1999 
June,1999 
July,1999 
August,1999 
May,2000 
June,2000 
July,2000 
August,2000 
 
September,1999 
October,1999 
March,1999 
April,1999 
September,2000 
October,2000 
March,2000 
April,2000    
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Table 3.1  lists the used RPA data of different months of the year, for 
the present study. 
 
 
The International Reference Ionosphere (IRI) is an international project 
sponsored by the committee on Space Research (COSPAR) and the 
International Union of Radio Science (URSI). These organizations form a working 
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group in the late 1960’s to produce an empirical standard model of the 
ionosphere, based on all available data sources. IRI describes the electron 
density, electron temperature, ion temperature and ion composition in the altitude 
range from about 50km to about 2000km. It provides monthly averages in the 
non auroral ionosphere for magnetically quiet conditions. Major data sources are 
the world wide network of ionosondes, the powerful incoherent scatter radars [ 
Jicamarca(11.90S,760W), Arecibo (18.30N,66.750W), Millstone Hill 
(42.60N,71.50W), Malvern (52.10N, 2.30W), Saint Santin(44.60N, 2.20E) ], the 
ISIS and Aloutte topside sounders, and in situ instruments on several satellites 
and rockets. IRI is updated yearly during special IRI workshops ( e.g. during 
COSPAR general assembly).  
The IRI model requires specification of 6 parameters – latitude, longitude, 
twelve months running average Zurich sunspot number representing solar 
activity (Rz12), month, hour (U.T or L.T), and altitude. Over the years testing and 
modifications of IRI has led to improvements through several versions ( IRI – 80, 
IRI – 86, IRI – 90, IRI – 95, IRI – 2000). The IRI model provides two options for 
bottomside thickness parameter, B0 for describing the bottomside electron 
density distribution below the F2 peak. The old option makes use of tables of 
values of B0 deduced from profile inversion of ionograms from midlatitude 
stations (Bilitza, 1990). The new option ( (recommended option); which is 
considered the better choice especially at low latitude (Bilitza, 1990) uses 
Gulyaeva’s ( 1987) model for B0 based on the half density height ( h0.5), ( the 
height below the F2 peak where the density falls off to half the peak value; N(h0.5) 
= 0.5 Nm F2). 
IRI – 90 differs from IRI -86 by offering several new options : (i) URSI – 
1989 of F2 model, (ii) Gulyaeva – 1987 model for F2 bottomside thickness, (iii) 
Analytical LAY – representation of E – F region, (iv) Danilov – Yaichiniko -1985 
model for ion composition. IRI – 90 includes also an improved representation of 
the f0E nighttime variation and several technical improvement of the computer 
code. In this version of IRI the neutral temperature is obtained with the CIRA – 86 
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model replacing the CIRA – 72 used in earlier versions. The more details are 
published by Bilitza (1990). 
 The IRI-90 software package includes 28 files: the Fortran source codes  
for the interactive IRI driver program IRID11.FOR, the IRI subroutines and 
functions IRIF11.FOR, the CIRA-86 subroutines CIRA86.FOR, and a special all-
in-one subroutine IRIS12.FOR, the 24 binary data files for the CCIR (f0F2, 
M3000F2) and URSI (f0F2) model coefficients from January (CCIR11.BIN) to 
December (CCIR22.BIN), the log file of a test run of the driver IRID11.LOG. 
IRID11 produces profiles of electron density, electron and ion temperature and 
percentage of ion composition (O+, H+, He+, O2
+, NO+) in latitude or longitude 
(geodetic or geomagnetic), or solar activity (12-months-running mean of solar 
sunspot number), or month, or day-of-year, or local (or universal) time, or 
altitude. 
Over the years, testing and modification of IRI has led to improvements 
through several versions (IRI - 80, IRI – 86, IRI – 90, IRI – 95).The latest version 
of the IRI [IRI 2000; Bilitza (2001)] includes the STORM model as the correction 
for perturbed conditions. 
3.7  RESULTS AND DISCUSSION 
The contour plots of latitudinal, diurnal variation of electron temperature (Te) 
for winter, summer and equinox seasons during solar minimum is plotted 
respectively in fig. 3.5.1 to fig. 3.5.3. The ion temperature (Ti), are shown in fig. 
3.7.1 to fig. 3.7.3. The variation of temperatures with latitude and time is obtained 
by the analysis of RPA data of SROSS C2 satellite at a height of 500km 
(approx.) at nearly 770E longitude and compared with the empirical model, IRI – 
90 to assess the predictability of the model for each season. The left panel are 
obtained from RPA and right panels from the IRI model. 
Fig. 3.6.1 to fig. 3.6.3 are obtained from the solar minimum, moderate and 
high activities data in each season for the electron temperature and fig. 3.8.1 to 
fig. 3.8.3 for the ion temperature.  
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3.7.1 Diurnal and seasonal variability of Te(K)  
Fig. 3.5.1 to 3.5.3 represents the diurnal variation of Te in winter, summer 
and equinox seasons. After sunset, the observed electron temperature, Te is 
found to be 1000K which does not vary much in the period 1800-0400LT. The 
electron temperature increases sharply during sunrise (0400-0600LT) at the rate 
of ~1000K/hr and reaches a level of 3500K or above within a short time and then 
start decreasing gradually to 1500K after 0700LT. In the equatorial regions, this 
rise in electron temperature is very rapid. This sudden enhancement in the 
electron temperature in the low – latitude region during morning hours (0400 – 
0600LT) is also observed by Dalgarno & Mc Elory (1965). The observed electron 
temperature does not vary much in the period 1000 – 1800 LT and is observed to 
be about ~1500K.  
 During sunrise and sunset  when both electron temperature, Te and 
electron density, Ne change rapidly; the behaviour becomes more complex. da 
Rosa (1966) has explained the variation of electron temperature with altitude at 
temperate latitudes during the sunrise period by making use of models for the 
variation of electron density with time, based upon Faraday rotation 
measurements of total content. Physically, this behaviour is thought to result from 
the fact that, since the heat loss to the ions proceeds as Ne
2, the electron 
temperature begins to rise very rapidly at first when Ne is low. He showed that Te 
begins to rise for zenith distances of ~110 - 1050, whereas the peak electron 
electron density does not increase significantly until χ =900. At sunset the reverse 
situation is encountered. Te begins to fall, causing the layer thickness to 
decrease and the peak density to rise. This causes a further lowering of Te and a 
further increase in the peak density. 
 During the first few hours after sunset the main process determining the 
temporal variation of the electron concentration is recombination. As the layer is 
lifted by the vertical drift, the rate of recombination decreases, and the effect of 
the flux from the protonosphere gradually becomes greater. After midnight, the 
thermosphere continues to cool down and contract ; while the F2-region is held at 
  62   
 
high altitudes by thermospheric winds, and the recombination effect 
progressively weakens. Finally, the rate of plasma in flux becomes equal to the 
loss rate by recombination, and the drop in the electron concentration ceases. 
The electron temperature was found by Brace & Theis (1981) and  Balan 
et al.(1996a) and found that Te exhibits a sharp morning enhancement, a daytime 
trough, an evening enhancement and stable nighttime value. During morning and 
evening hours the Te undergoes a rapid changes, while during the daytime and 
nighttime hours, the changes are small. The heating occurring before sunrise is 
caused by the photoelectrons heating the morning low-density electrons (Schunk 
and Nagy, 2000). This morning peak becomes prominent at the low-latitude 
ionosphere due to the vertical EXB plasma drift which decreases the electron 
density followed by an increase in electron temperature (Balan et al., 1997; Su et 
al., 1995, 1996). Within an hour or two the build up of electron density causes 
enhanced cooling and restore Te to a lower equilibrium value. 
 In summer solstice (Fig. 3.5.2) , a secondary enhancement in the electron 
temperature is observed in the period 1500–1800 LT where the electron 
temperature rises to ~2000K from 1500K and then again decreases. 
 The right panels show the contour plot of electron temperature, Te 
obtained by the IRI – 90 model. The predicted values of electron temperature 
does not vary much after sunset (2000 – 0400LT) and is found to be ~1000K and 
during dawn period around 0400LT, it starts increasing, but with much slower 
rate ~600K/hr and reaches a maximum of 1800K. After 0700LT, it remains still 
high till the evening in the equatorial region, but at other latitudes, it decreases 
after 0700LT in the morning. After 1800LT, the predicted Te decreases and 
becomes steady during the post sunset hour around 2000LT. In the months of 
August,95; July,96 and February,96 the maximum electron temperature is higher 
and it is 2300K around 0600LT in the morning that shows the morning 
enhancement of temperature but with much lower rate. 
Fig. 3.5.1 represents the winter months. It is observed that the electron 
temperature is as high as 3000K during early morning hours and minimum 
afternoon temperature is ~1800K. The IRI model predicts lower electron 
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temperature ~1900K in the morning and ~1200K in the afternoon, (1000-
1600LT). The discrepancy between the observed electron temperature and the 
IRI value, during the nighttime is minimum. Same feature is observed using the 
TEC data [Vekaria(1999)] whereas the discrepancy between the observed and 
predicted values of electron temperature during morning hours and afternoon is 
large and  is 35%. 
During summer months ( fig. 3.5.2 ), the electron temperature is as high as 
~3100K during early morning hours, decreases to ~1600k in the afternoon. The 
IRI model predicts ~1900K temperature, indicating  a discrepancy of 38% during 
morning hours and 25% in afternoon minimum and during nighttime, between the 
observed and the predicted values of electron temperature. Several authors have 
used IRI model to compare Total electron content (TEC) as one of the 
ionospheric parameter (Mc Namara (1983), Barman etal (1997), Iyer etal (1996), 
Vekaria (1999). They have observed that during summer the IRI model values 
overestimates (about 30%) the total electron content (TEC) in low and mid 
latitudes. 
Fig. 3.5.3 represent the equinox months. There is a very large discrepancy 
between the observed electron temperature (~3100k) and the predicted one 
(1800K) during the morning hours ( near about 42%), 25% in the afternoon and 
insignificant discrepancy in the minimum nighttime electron temperature. 
The rate of increase of electron temperature during sunrise is 1000K/hr but 
the rate predicted by the IRI model is 600K/hr. But the temperature variation 
during the evening period in 15 – 300N latitude is almost the same between the 
two.  
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Fig. 3.5.1 contour plots of electron temperature (Te) with latitude and 
            time obtained by RPA data (left curve) and IRI model (right curve) 
                        during winter solstice ( December95, January96 and February96). 
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Fig. 3.5.2   Same as 3.5.1 but during summer  solstice ( May, June, July96 
and  August,95 ) 
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                        Fig. 3.5.3  Same as 3.5.1 but during equinox solstice ( March, Aril96,  
             September, October95) 
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The morning buildup of observed electron temperature is earlier in summer 
months. Prabhakaran Nayar et al., (2004) have also observed that during winter, 
the morning enhancement is delayed by 1 hour compared to that during summer. 
They gave explanation that this may be associated with the heating process of 
photoelectrons produced at the magnetic conjugate point.  
3.7.2   Solar Activity dependance of Te 
 The contour plots of electron temperature, Te (K) are plotted in fig.  3.6.1 
to fig. 3.6.3 during different solar activities. After sunset, the observed electron 
temperature, Te is found to be 1000K during all the three activities (F10.7 ~ 67, 90 
and 145) during winter solstice which does not vary much in the period 1900 - 
0400LT and exhibits positive latitudinal gradient above 300N latitude. But, during 
moderate activity, the nighttime enhancement in temperature is observed in 100-
150N latitude where the Te rises sharply at the rate of 1300K/hr to ~4000K at 
2000LT and then decreases fast and reaches to almost  constant temperature of 
1000K. The Te increases sharply during sunrise (0400-0600LT) and reaches a 
level of ~ 3500K or above within a short time and then start decreasing gradually 
to ~1500K after 0700LT. In the equatorial regions, increase in the Te is very 
rapid. The enhancement observed during nighttime is even higher than that 
observed during early morning. The temperature remains almost the same in the 
period 1000-1800LT and is observed to be higher, ~1500K. But above 250N 
latitude, the temperature is observed to be higher during this period and then 
decays slowly. A secondary rise is observed during high solar activity, where the 
temperature is raised to 2300K at 1200LT at 50N latitude. 
 The right panel ( fig. 3.6.1) shows the contour plots of Te obtained by the 
IRI  model in winter solstice for different solar activities. The predicted value of Te 
does not vary much after sunset (2000 – 0400LT) and is ~1000K, but during 
dawn period around 0400LT, it starts increasing, but with much slower rate and 
reaches a maximum of ~2300K in all three activities in the equatorial region. 
Around 0700LT the predicted electron temperature starts decreasing ~1500K 
around 1000LT. The Te becomes steady in the period 1000 – 1800LT in 0 – 150 
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N latitudinal range, but in the higher latitudes, the temperature decreases slowly 
throughout the daytime. The IRI model also shows a small increase in Te~ 1500K 
during high solar activity at 1200LT in equatorial latitude. 
 The discrepancy between the two is 18% in nighttime and 32% in morning 
during low and moderate activity. During morning hours, in higher activities, 
discrepancy is 23% and is negligible during nighttime in all the three activities. 
Fig. 3.6.2 represents the electron temperature during summer solstice for  all the 
three activities (F10.7 ~ 67, 90 &146). After sunset, the observed Te is found to be 
1000K which does not vary much in the period 1800 - 0400LT. The Te rises 
sharply during sunrise (0400-0600LT) and reaches to ~3500K in 0-200N latitude, 
whereas at higher latitude, the Te is ~3000K and then decreases gradually. 
During summer solstice, a secondary enhancement is observed and is 
dependant on solar activity. During solar minimum, this rise is seen at all 
latitudes, i.e 0-250N, Te is observed to be ~2100K in the period of 1500-1800LT. 
The Te is ~ 1500K in 1500-1800LT in 0-20
0N and shows higher T (~1800K) in 
above 200N latitude. In  the year 1999-2000, this enhancement is seen much 
earlier but magnitude of Te is less (~1600K) at 1000LT . And the electrons retain 
this energy for a longer period upto 1900LT and then losses this energy by 
recombination with ions. 
 The IRI model (fig. 3.6.2, right panel) predicts that during nighttime, the 
temperature is same as observed i.e. ~1000K in 1800-0400LT during all the 
three activities. During sunrise the temperature is increased to ~2300K in 0-200N 
latitudes. In these latitudes, the Te increases very fast, reaches a maximum, and 
then decreases fast. But in 20-300N, the Te increases sharply, but then 
decreases slowly throughout the day. There is another small increment in Te for a 
very small period during solar maximum at 1300LT, the Te increases to ~1300K 
in 5-150N and then  decreases around 1600LT. 
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Fig 3.6.1  Comparison of electron  temperature (K) in winter solstice 
during solar minimum  (upper plot) ,moderate activity (middle  plot) 
and solar maximum (bottom plot)  by RPA data (left) and IRI data 
(right) 
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        Fig 3.6.2 Same as fig.3.6.1, but during summer solstice. 
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    Fig 3.6.3 Same as fig.3.6.1, but during equinox season. 
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The discrepancy found, is negligible during all three activities in nighttime. In 
daytime, minimum activity shows 22%, moderate activity shows negligible and 
high activity shows 18% discrepancy. During all the three activities, during 
morning hours, the discrepancy is high (greater than 33%). 
Fig. 3.6.3 shows the variation during equinox season for solar minimum 
(F10.7 ~66), moderate (F10.7 ~86) and high (F10.7 ~144) activities. During sunset, 
the Te is observed to be the same as that of other two seasons, winter and 
summer, and is ~1000K. During, moderate activity, there is a small enhancement 
for a very short period , around 2100-2300LT in 0-30N. During early morning, the 
Te rises to 3200K, 3000K and 2900K during minimum, moderate and high 
activities. The Te then decreases in the afternoon hours. 
The IRI predicts negligible discrepancy in nighttime, 16% in daytime and 
36% in the morning hours in all the three activities. 
The nighttime temperatures are independant of the solstice and the solar 
flux. In the early morning hours, the summer temperature is higher (average 
Te~300K) than winter and equinox during all activities. During winter solstice, in 
the early morning hours, the Te is high (~3400K) for solar minimum and becomes 
almost the same (~3000K) in higher solar activities. In  equinox, during morning 
hours, as the activity increases the Te decreases, hence Te is highest during 
solar minimum and less during higher activities showing negative correlation with 
F10.7. 
Watanabe and Oyama (1996) have found that the evening (~1800LT) 
overshoot becomes more pronounced in the mid latitude in all seasons and more 
enhanced in the winter hemisphere. Present observation shows the secondary 
enhancement during all three activities during summer and equinox  around 
1500-1800LT and shows positive latitudinal gradient. On the other hand, Oyama 
et al. (1988, 1997) also reported enhancement in Te associated with 
enhancements in electron density in the crest region of equatorial anomaly. This 
phenomenon known as the equatorial electron temperature anomaly, is found to 
occur predominantly in the equinoctial months and becomes enhanced with 
increase in solar activity. Dabas et al.(2000) have examined the electron 
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temperature (Te) and electron density (Ne) from the Hinotori  satellite and have 
observed two types of enhancements in Te. The first type is where Te 
enhancements are found to be as high as 3000K, and is not proportional to the 
corresponding decrease in Ne during morning hours. The second type is during 
evening hours, where the temperature enhancement is proportional to the 
corresponding increase in electron density, Ne. Raghavarao et al.(1991) have 
used the data from dynamic explorer DE-2 during high solar activity, and have 
reported the two minima in the zonal winds and the corresponding maxima in 
neutral temperature (known as Equatorial Temperature & Wind Anomaly, ETWA) 
which were collocated with the crests of the well known equatorial ionization 
anomaly (EIA). They have explained the latitudinal variations of zonal winds and 
neutral temperature in the EIA region by the dynamical effect of the ion-drag 
associated with EIA. The impedance to the flow is greater at  the EIA crests 
where zonal velocities show minima and at the EIA trough the velocities shows a 
maximum. This variation in the flow velocity affects the energy balance and with 
that the latitudinal temperature variation. At the equator where the velocities are 
large, more energy is transported from the dayside into the nightside, and the 
temperature amplitude decreases. In the regions of the EIA crests, the velocities 
are reduced, thus the energy transport away from the dayside is also reduced, 
and the temperature amplitude increase. 
3.7.3   Diurnal and seasonal variability of Ti (K)  
The monthly contour plots of ion temperature (Ti) are shown in fig. 3.7.1 to 
fig.  3.7.3 using the RPA data and IRI model. It is observed that after sunset the 
ion temperature is found to be ~800K which remains non-varying in the period of 
1800 – 0400LT. The ion temperature starts increasing during sunrise at 0400LT 
and reaches to average value of ~1700K at 0800LT. The ion temperature does 
not vary much in the period 1000 – 1600LT and is observed to be ~1000K. The 
summer months May, June, July and August, 96 shows the secondary 
enhancement, the temperature rises to ~1400K in 1600 – 1800LT. After this time 
the temperature decreases slowly to ~900K. The amplitude of ion temperature 
during dawn period is greater in winter and equinox months. 
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Fig. 3.7.1 represents the winter months. It is observed that ion temperature 
is as high as 2000K during morning hours. The IRI model predicts ion 
temperature to be 1100K in this period. So, a discrepancy of 45% is observed 
between the two during morning hours. However, the nighttime minimum 
temperature of RPA data and IRI model matches well and exhibits no latitudinal 
gradient. During daytime the observed Ti is found to be ~860K, IRI predicts 
1100K indicating 28% discrepancy. 
During summer ( fig. 3.7.2 ), the discrepancy is found to be insignificant 
during morning hours, nighttime as well as during daytime except in the 
afternoon. The maximum ion temperature during morning hours is observed to 
be 1200K and its predicted value is 1100K. The observed nighttime minimum 
during summer months is 700K and 800K by the IRI model indicating the higher 
prediction (of ~100K) of ion temperature during nighttime. The observed values 
show secondary rise in ion temperature (~1500K) in summer months in the 
period of 1600 – 1800LT whereas no such rise has been predicted by the IRI 
model.  
During equinox months ( fig.3.7.3 ) there is a discrepancy of 45% between the 
observed and modeled values of ion temperature during early morning. This 
discrepancy of ~15% is found during daytime and negligible during nighttime. 
The maximum ion temperature during morning hours is observed to be 2000K  
and its modeled value is found to be 1100K. The observed value minimum 
nighttime ion temperature is 800K which matches well with the modeled value. 
After sunrise, the ion temperature falls as the electron temperature also falls 
due to sharing of energy with more electrons. The daytime ion temperature is the 
result of balance between ion heating and cooling processes. Afternoon increase 
in Ti in summer is due to a secondary enhancement in Te in the same period and 
the solstice. 
 
 
 
 
 
  75   
 
0 6 12 18
0
5
10
15
20
25
500
1100
1700
2300
2900
3500
4100
0 6 12 18
0
5
10
15
20
25
30
700
900
1100
1300
(a) 
6 12 18
0
5
10
15
20
25
400
700
1000
1300
1600
1900
2200
2500
2800
3100
3400
3700
0 6 12 18
0
5
10
15
20
25
30
700
900
1100
1300
(b) 
 
6 12 18
0
5
10
15
20
25
200
500
800
1100
1400
1700
2000
0 6 12 18
0
5
10
15
20
25
30
700
900
1100
1300
 ( c ) 
 
 
Fig. 3.7.1  contour plots of ion  temperature (Ti) with latitude and time 
 obtained  by RPA data (left curve) and IRI model (right curve) during  
winter solstice ( December 95 ( a ) ,  January ( b ) and February96 ( c )). 
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            Fig. 3.7.2   Same as 3.7.1  but during summer  solstice ( May ( a ), June 
            ( b )  and  July,96 ( c ) ) 
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Fig. 3.7.3  Same as 3.7.2  but during equinox solstice ( March ( a) , Aril96 
( b ) and October 95 ( c ) ). 
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3.7.4   Solar Activity dependence of Ti(K) 
The contour plots of ion temperature are shown in fig. 3.8.1 to fig.  3.8.3 
using RPA data and IRI model during different solar activities. 
It is observed that during winter season, after sunset the minimum ion 
temperature is found to be 700K during low and moderate solar activity and 
~1000K during high activity. This temperature remains unvarying in the period 
1800-0400LT during low solar activity. But during moderate and high activities, 
an enhancement in temperature is observed. The temperature is increased to 
1300K at 1630LT and remains to that temperature, for one more hour during 
moderate activity in 3-80N. The temperature start increasing sharply at 2000LT 
and reaches to 2000K at 2100LT in 7-120N latitude during higher activity. The ion 
temperature start increasing at 0500LT during sunrise at the rate of 400K/hr  and 
rises to 1700K at 0700LT during low and moderate activities, but during solar 
maximum, there is no such an enhancement or rise in the temperature during 
morning hours, but a little higher energy ions are observed in patches around 
0800-1000LT and 1500-1700LT. The minimum daytime temperature is found to 
be 1000K, 900K and 1200K during minimum, moderate and high solar activity. 
The predicted ion temperature according to IRI in winter is 1100K from 
0800LT to 1600LT upto 80N and from 8-120N, the temperature is still 200K lower 
and above 250N, the temperature is slightly higher, 1300K and after this time, the 
temperature decreases at all latitudes at the rate of 100K/hr for both minimum 
and moderate solar activities. During solar maximum, the ion temperature is 
higher around 1400-1700LT in 0-50N and above 250N, ~1300K  between 0900-
1800LT and in between these latitudes, the temperature is lower (~1100K).  
During nighttime, the unvarying predicted temperature is 900K for all three 
activities. The discrepancy between the two is negligible during daytime and 
nighttime and 35% and 40% during  morning hours during minimum and 
moderate activities. 
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Fig 3.8.1  Comparison of ion temperature (K) in winter season during 
solar minimum  (upper plot) ,moderate activity (middle  plot) and 
solar maximum (bottom plot)  by RPA data (left) and IRI data (right) 
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        Fig 3.8.2  Same as fig. 3.8.1 but during summer season. 
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 Fig 3.8.3  Same as fig. 3.8.1 but during equinox season. 
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The observed and predicted ion temperature during summer season 
(fig.3.6.2) in nighttime is observed to be ~1000K. The temperature start 
increasing during morning hours (0400LT), but with very reduced rate, 100K/hr) 
and then decreases around 0700LT. There is an evening rise (~1200K) around 
1600LT. The predicted temperature is higher around 0800-1600LT, between 0-
80N, and also between 12-300N, during solar minimum. During moderate activity 
also, this rise is predicted, but not in 0-80N . And during maximum activity, this 
rise is seen over all latitudes except 0-50N and it appears that few energetic 
particles are transported from the higher latitudes and comes to lower latitudes. 
The minimum daytime, Ti is ~1100K during minimum and moderate activity and 
~1300K during higher activity. The IRI model predicts very well, the ion 
temperature during all three activities in summer solstice during the whole day 
but the afternoon enhancement has not been predicted by the model. 
Both the observed and predicted temperature in equinox season is ~900K 
during nighttime. The temperature rises at the rate of 200K/hr by the RPA  and 
100K/hr  during morning hours by IRI during morning hours during minimum and 
moderate activity and reaches to 1300K. But in solar maximum, there is no such 
rise, in early morning hours, but there is a slight enhancement (~1300K) in 1300-
1600LT. There is negligible discrepancy in afternoon and night hours during all 
three activities, but ~20% in the early morning. 
It seems that during all three activities, minimum, moderate and maximum 
solar activity, the diurnal variation of summer and equinox shows a similar 
pattern as predicted by the IRI model. 
The nighttime mean values of  Ti indicates positive correlation with the solar 
activities during all the three seasons and hence is high during high activity. But 
during morning hours, solar activity dependence is observed in winter and 
equinox solstice, where Ti is decreased with the increase in solar activity. But in 
summer, no such dependence is found. During the daytime, the Ti increases with 
the solar flux in winter and summer solstice, but is independent in equinox. 
A temperature ratio Te/Ti is observed throughout the activities and solstices. 
During winter solstice, during moderate activity, it is ~1.7 and greater than 2 
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during low and high activities in early morning hours. In summer and equinox, Te 
is about 2.5 times the Ti and is independent of the solar activity. During the 
daytime and night hour, ratio is above ~1.5 in minimum and moderate activities 
and is independent of the solstice and solar flux.  But during high activity, both 
the electron and ion temperatures are equal during the day and in night which is 
independent of the solstice.  During the nighttime, the heat is being supplied from 
the protonsphere, since the heat flux required to produce these temperature 
differences is found to exhibit seasonal variations in accord with the differing 
amounts of time for which the conjugate ionospheres are sunlit. In the daytime, 
there are no obvious seasonal variations of mid day (0900-1500) values of Te and 
Ti with seasons.  
Shastri et al. (1996) made a study of the performance of the IRI-90 in the 
Indian sector from a comparison of f0F2 observed at four locations and found that 
the IRI in general overestimates the observed peak density in low, medium and 
high solar activity. The difference between the observation and prediction varies 
with the local time and location. On the other hand, Iyer et al. (1996) have shown 
that the IRI overestimates TEC during low solar activity and underestimates it in 
high solar activity at the crest of the anomaly both in the Indian and East Asian 
longitude sectors. The disagreement was found to be greatest in equinox and 
minimum in summer. Watanabe and Oyama (1996) compared the electron 
temperature measured by the Hinotori satellite at ~600km altitude with the IRI 
and computer simulation results of equatorial ionosphere during 1981-82 for 
equinox and found a large difference between the observed and the predicted, 
Ne and Te within ±200 magnetic latitude. The IRI could not reproduce the morning 
and afternoon enhancements in electron temperature. 
   
 
 
 
 
 
  84   
 
  CHAPTER -4  
 
  STUDY OF SUNRISE PHENOMENON 
 
 
4.1  INTRODUCTION 
In the equatorial ionospheric F region, plasma production and loss as well 
as transport and diffusion are important for the structure of plasma density and 
temperature. The heat gained by the ambient electron gas from the 
photoelectrons and from super elastic collisions with the neutrals acts to raise the 
electron temperature above the ion and neutral temperature. The hot ambient 
electrons then lose energy in coulomb collisions with the ambient ions and in 
elastic and inelastic collisions with the neutrals. The extent to which electron 
temperature is elevated depends on the relative importance of the various 
heating, cooling and energy flow processes, and this in turn is dependant upon 
altitude, latitude, local time, season and solar activity. 
Only a relatively modest amount of the initial photoelectron energy is 
deposited directly in the ambient electron gas. Most of the excess kinetic energy 
is lost in both elastic and inelastic collisions with the ambient ions. 
Photoelectrons with sufficient energy can even escape from the ionosphere, 
travel along geomagnetic field lines, and deposit their energy in the conjugate 
ionosphere. Typically, photoelectron energy deposition above about 300 km 
constitutes non - local heating. 
At sunrise, photoelectron production begins in the ionosphere through the 
ionization of neutral particles. As the photoelectrons share their high energy with 
the ambient electrons, the electron temperature increases; the increase is rapid 
in the early morning due to the low electron density. As more and more electrons 
are produced with the progress of the morning, the energy share for each 
electron decreases. Thus, the electron temperature, Te, after reaching a 
maximum, decreases and attains a steady value by the end of the morning. The 
rapid increase of Te in the early morning period is the well known Te 
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phenomenon, called the morning overshoot. Watt (1971) has studied the sunrise 
behaviour of mid latitude topside ionosphere at low sunspot numbers using 
Alouette1 electron density and plasma scale heights from 450 to 750 km. They 
observed rapid decrease in plasma scale height, beginning between χ = 1050 
and 1020 and ending between  χ = 980 and 960. Electron densities increases 
rapidly between χ = 980 and 950. They interpreted it as the sudden decrease in 
plasma scale heights due to an increase in percentage concentration of O+ ions 
at all altitudes, due primarily to a thermal expansion of the ionosphere that 
causes an upward movement of the topside ionization. They gave an ample 
evidence that electron temperature in the upper F region increase very rapidly at 
sunrise, while corresponding ion temperatures increase more slowly. In a plasma 
distribution that tends toward diffusive equilibrium, any rapid increase in particle 
temperature must result in a redistribution of the plasma; and in the upper 
ionosphere such a redistribution will appear as an upward flux. It thus seems 
more likely that the observed motion of the transition level identifies a real 
upward flux of ionization caused by thermal expansion . 
During the mid – 1960’s it was noted at Arecibo by Carlson (1966) that 
electron temperatures began to rise rapidly before local sunrise. It was quickly 
established that the onset of this temperature rise occurs at a time that 
corresponds to sunrise in the magnetically conjugate ionosphere and that the 
heating is caused by photoelectrons arriving from the conjugate hemisphere. 
This phenomenon, known as the ‘predawn effect’ has been extensively studied 
by Carlson (1966). The rapid increase of Te in the early morning period was 
predicted first by Dalgarno and McElory (1965). DaRosa (1966) calculated the 
time dependent behaviour of Te during morning hours. Experimental evidence of 
the morning enhancement have been reported by many workers, Evans (1965), 
Mc Clure (1971) and Clark et al.,(1972). 
Near sunrise the ratio Qe/Ne
2 becomes large and electron temperature; Te 
might then attain values of several thousand degrees [Dalgarno and 
McElory(1965)]. In reality, Te is limited by thermal conduction (da Rosa (1966)]; 
however large values of Te are observed near the magnetic equator, where the 
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gradient of Te is small in the direction of the geomagnetic field lines and 
conduction is therefore, rather ineffective in cooling the electron gas [ Farley etal 
(1967)]. 
Oyama et al. (1996a)  have observed the electron temperature at the height 
of ~ 600km by the low inclination satellite Hinotori in terms of local time, season, 
latitude, magnetic declination and solar flux intensity. The electron temperature 
shows a steep rise in the early morning (well known as “morning overshoot”), a 
decrease after that and again an increase at ~18hours (named ”evening 
overshoot”). The morning overshoot becomes more enhanced in the winter 
hemisphere and during higher solar flux. They have observed a slight difference 
between the morning and the evening overshoots in the 2100 – 2850 and 2850 – 
3600 longitude sectors. This is thought to be due to the difference in magnetic 
declination of these two zones and the resulting difference in the effect of the 
zonal neutral wind on the thermal structure in the low latitude ionosphere. Oyama 
et al. (1996b) found that the morning enhancement is strong during the northern 
summer months and grows with the increase in solar activity. 
4.2  Data Analysis 
           To study  the early morning phenomenon using the RPA data of  electron 
and ion temperatures, we have grouped the six years data into solar minimum 
 (1995-96), moderate (1997-98) and high activities (1999-2000). The geographic 
latitude is converted to geomagnetic latitude at 770E geographic longitude using 
the formula given by                                       
 = Arc Sin ( Sin  Sin 78.50 + Cos  Cos 78.50 Cos (690 + β )) 
where,  is the geographic latitude,  is positive in North and negative in 
South , β is the geographic longitude, and is positive in the East and negative in 
the West. 
Then the seasonal variation of Te and Ti during each solar activity is studied 
for the equatorial and low geomagnetic latitudes during early morning hours.  The 
electron temperature and ion temperatures of different months falling in the same 
solstice is averaged in the period 0400LT to 0700LT in the geomagnetic latitude 
range of 100S to 200 N to get the seasonal variations during  morning hours. 
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4.3 Results and Discussion 
 
The electron and ion temperature data are accumulated in the period from 
January,1995 to December, 2000 at an altitude of ~ 500km. The Te and Ti in all 
three solstices (Winter, Summer and Equinox) during different solar activities is 
studied during early morning hours (0400-0700 LT) in the low latitudes region. 
4.3.1  Solar activity dependance of Sunrise effect in Te during Winter 
Solstice 
Fig. 4.1 (a), (b) and (c) represents the latitudinal variation of electron 
temperature during the dawn period (0400-0700LT) in different solar activities, 
minimum (F10.7~ 67), moderate (F10.7 ~ 90) and high (F10.7 ~ 146).  At 0400LT, 
the Te is ~750K, in 10
0S - 200N latitude during all three levels of activity. There is 
a slight rise in temperature at 0500LT showing a crest at 100N and 50S, Te rises 
to ~1400K. After 0500LT, Te suddenly rises to ~4000K around 0600LT in the 
equatorial region. This enhancement during dawn period at the equator  is 
termed as “morning overshoot”. The Te is ~ 4600K, at 5
0N and ~4200K at 50S 
latitude, showing a N – S asymmetry. The temperature then decreases in this 
region. At 100S, the morning overshoot phenomenon is seen at 0630LT, the Te 
rises to ~4400K, and then decreases. But in 7-200N, no such an enhancement is 
observed and the Te slowly increases as the photo – ionization process produces 
energetic photoelectrons. 
During moderate and high activity also, such an enhancement is observed 
at 0600LT, but Te observed is less, ~ 3800K, and then decreases around 0700LT 
at the magnetic equator. There is no asymmetry between N-S Hemisphere as 
has been observed during low activity. Around 0700LT, during high activity, the 
Te again  rises ,  and exhibits crests at ±5 degree geomagnetic latitudes. This can 
be due to the increase of solar flux (F10.7~146) and the availability of less  
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Fig. 4.1 Variation of electron temperature (K) during morning hours 
(0400-0700LT) in winter solstice during (a) solar minimum (b) moderate 
and (c) maximum solar activity obtained by RPA data. 
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electrons at the equator to share the photo-absorption energy. At other latitudes, 
the Te increases upto 0600LT and then decreases. Oyama et al (1996a) have  
observed that morning overshoot becomes more enhanced in the winter 
hemisphere and during higher solar flux. 
4.3.2   Solar activity dependance of Sunrise effect in Te during Summer 
Solstice 
Fig. 4.2 (a), (b) and (c) shows the latitudinal variation of Te in summer 
solstice during solar minimum ( F10.7~67), moderate (F10.7~ 86) and high activity 
(F10.7~ 160). The observed Te around 0400LT is found to be the same as that of 
winter solstice and is ~ 750K during low and moderate activity. But during the 
high solar flux, Te exhibits the latitudinal variation as the nighttime temperature 
during summer solstice is also high (~800K) at the equator, ~1800 K at 30N and 
less ~500K at  120N latitude. Around 0500LT, Te enhances considerably in the 
southern hemisphere, but in the N-hemisphere, Te is not much enhanced. 
Around 0530LT, there is a sudden enhancement in the equatorial region during 
low activity, ±3 degrees latitudes, where the Te is enhanced from ~ 2200K 
around 0500LT to ~3900K around 0530LT and then decreases. During moderate 
activity also, morning overshoot phenomenon is observed around 0530LT, but 
the Te rises from ~1800K at 0500LT to ~4500K around 0530LT. But during high 
activity, this rise is observed at 0600LT.  
4.3.3   Solar activity dependance of Sunrise effect in Te during equinox  
Fig. 4.3 (a), (b) and (c) represents the latitudinal  variation of Te in the 
equinox solstice. Around 0400LT, the observed Te is found to be ~800K during 
both: solar minimum (F10.7 ~ 66) and moderate activities (F10.7 ~86) , but during 
high activity (F10.7 ~144) , the Te is high (~1200K) in all latitudes. Around 0500LT, 
the Te begins to rise, as the photo production of the particles begin. After 
0500LT, the Te shoots up to ~4200K in the equatorial region, ± 5 degrees, 
around 0600LT during all the three solar fluxes and then decreases. But at 100S,  
 
  90   
 
 
400
1000
1600
2200
2800
3400
4000
4600
5200
 
 
400
1000
1600
2200
2800
3400
4000
4600
5200
 
 
       
400
1000
1600
2200
2800
3400
4000
4600
5200
4.00LT 4.30LT 5.00LT 5.30LT
6.00LT 6.30LT 7.00LT
  
    
    Fig. 4.2 Same as fig 4.1, but in summer solstice. 
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   Fig. 4.3 Same as fig 4.1, but in equinox season. 
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this enhancement is observed half an hour before, that is around 0530LT. 
Around 0700LT, the observed Te is less during high activity than the lower 
activities, the Te is ~2600K during high and ~3400K during lower activities. This 
may be because the rate of production of electrons is high during high activity 
and hence, the energy will be shared by more number of electrons. And hence 
the energy loss by collisions will also be more, resulting in the less energy 
possessed by the electrons. 
4.3.4 Solar activity dependance of  Sunrise effect in Ti during winter 
Fig. 4.4 (a), (b) and (c) shows the latitudinal variation of ion temperature (Ti) 
obtained at ~500km, using the RPA data during dawn period during the  winter 
solstice. At 0400LT, during low activity the Ti is ~700K, which is almost equal to 
the electron temperature (Te) at the same time, location and the season. The Ti 
becomes steady up to 0500LT during all the three activities. After 0500LT, as the 
morning progresses, the Ti shows variations with the solar activities.  
 During low solar activity, after 0500LT, the Ti start rising and rises to 
1100K at the equator and exhibits two crests at 130N and 70S around 0530LT. 
The Ti at 13
0N is less, ~1700K and then again increases with the progress of the 
morning. But at 70S, there is a sudden increase  ~2300K (around 0530LT) from 
~700K around 0500LT and then decreases. In the equatorial region (0-30N), the 
Ti rises to ~2000K around 0600LT from ~800K, around 0530LT and then 
decreases. The Ti increases with the progress of the morning at other 
geomagnetic latitudes. During moderate activity (F10.7 ~ 90), the Ti smoothly 
increases with the time and shows maximum Ti, ~2300K around 0700LT in the 
equatorial region and ~2400K around 0630LT at 150N latitude. But during large 
solar flux, the observed Ti increases at a less rate with the progress of the 
morning and is very less compared to lower activity. Ti is maximum around 
0700LT and is  ~1300K. This may be because the Te is also less during the high 
activity. 
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 Fig. 4.4 Variation of ion temperature (K) during morning hours (0400-0700LT) in   
winter solstice during (a) solar minimum (b) moderate and (c) maximum solar 
activity obtained by RPA data. 
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               Fig. 4.5 Same as Fig. 4.4, but in summer solstice. 
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4.3.5    Solar activity dependance of  Sunrise effect in Ti during summer 
Fig. 4.5 (a), (b) and (c) shows the latitudinal variation of Ti during summer, 
in different solar activities. At 0400LT, the Ti is ~700K during all three activities. 
As the morning progresses, the Ti also increases, but with a reduced rate 
(~260K/hr), and rises to ~1500K around 0700LT during low and moderate 
activities. But, during high activity, the Ti is increased to ~1100K, at much slower 
rate, ~130K/hr, which is half of that during low solar activities, around 0700LT. 
The data above 50S is not available to examine the N-S asymmetries, if any. 
4.3 .6   Solar activity dependence of  Sunrise effect in Ti during equinox 
Fig. 4.6 (a), (b) and (c) represents the equinox months during solar 
minimum, moderate and high activities. Around 0400LT, the Ti shows a peak at 
30N, and the observed Ti is ~1000K during low activity, and at other latitudes, the 
Ti is ~700K during low and moderate activity and ~900K during high activity. 
During solar minimum, around 0500LT, at 120N geomagnetic latitude, the Ti gets 
enhanced to ~1800K from ~700K around 0430LT and then decreases with time. 
Similarly, around 0530LT, the Ti shows a peak at 70N, where the Ti enhances to 
~1700K from ~1000K around 0500LT and then decreases with the progress of 
the morning. The observed Te also shows the enhancement at this time and the 
location as represented in fig. 4.3(a). At other latitudes, the maximum Ti is 
observed around 0700LT, and is higher in the southern latitudes (~2100K) than 
the northern latitudes. During moderate activity, the Ti rises with the progress of 
morning and exhibits a small crest at 100N during 0430-0630LT. Around 0530LT, 
the Ti shows two peaks. The Ti enhances to ~2200K at 10
0N and  ~1900K at 
150N and then decreases. Around 0630LT, the Ti enhances to ~2500K from 
~1400K around 0600LT and then decreases at the equator. The electron 
temperature also exhibits such a morning enhancement during same time and 
location during equinox months in moderate solar activities. During high activity, 
the observed Ti is less compared to the low solar activities, and exhibits the 
highest temperature (~1300K) around 0600LT at the equator and then  
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   Fig. 4.6 Same as Fig. 4.4, but in equinox season. 
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decreases. Fig. 4.3 (c) also shows the high electron temperature around 0600LT 
at the equator. The electron temperature is strongly affected by the electron 
density. In general the temperature increases or decreases as the density 
decreases and increases, respectively. This relationship between the electron 
density and temperature is due to the heating losses exceeding the heat gains 
with increasing electron density and the heating dominating with decreasing 
electron density ( Bank & Kockrats, 1973). 
  At sunrise, photo production begin in the ionosphere through the ionization 
of the neutral particles. As the photoelectrons share their high energy with the 
ambient electrons, the electron temperature increases. This increase is rapid in 
the early morning due to low electron density. As more and more electrons are 
produced with the progress of the morning, the energy share of each electron 
decreases. Thus the electron temperature after reaching a maximum decreases 
and attains a steady value by the end of the morning. This phenomenon known 
as morning overshoot and was predicted by Dalgarno and McElory (1965). 
Experimental evidence of the morning enhancement has also been reported by 
Evans 1965, Mc Clure, 1971, Clark et al (1972), Oyama et al, 1996b and Bhuyan 
et al, 2002(a). Oyama et al (1996b) reported that the Te in the morning rises from 
about 1200 to 4000K within ±300 magnetic latitude. They have shown that the 
intense morning enhancement of Te observed over the equator is due to 
reduction in electron density caused by the downward drift of the plasma, which 
usually occurs in morning hours. After sunrise, the ion temperature falls as the 
electron temperature also falls, due to the sharing of energy with more electrons.  
According to Oyama et al (1996a), the zonal wind blows in westward during 
morning in the northern summer. This causes an upward drift of the plasma in 
the northern hemisphere and downward drift in the southern hemisphere. the 
meridional wind blows from the northern (summer) to southern (winter) 
hemisphere causing a upward plasma motion along magnetic field line in the 
northern hemisphere and a downward plasma drift in the southern hemisphere. 
The effect of these two winds, therefore, strengthens each other. For northern 
winter conditions, the meridional wind effect reverses from the northern summer 
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case but still the zonal wind effect is the same, which results in the reduced wind 
effect. They  have also observed this asymmetry between longitude zone of 2100 
-2850 and 2850 – 3600. These zones correspond to positive (~50 ) and negative 
(~200) magnetic declination at the magnetic equator respectively. In the longitude 
zone of 2850-3600, the temperature of the morning overshoot in the  northern 
(summer) hemisphere is higher than in the longitude zone of 2100-2850. 
Hanson et al (1973) showed that the electron and the ion temperatures are 
lower on the summer side of the magnetic equator than on the winter side at 
night. The Hinotori satellite indicates also that the electron temperature is higher 
in the winter hemisphere than in the summer hemisphere at day. The cooling rate 
of electron by the electron-ion collision is small in the winter hemisphere because 
of the low plasma density. 
Oyama etal (1996b) have found that the morning overshoot in Te becomes 
very strong around the equator when a downward drift of plasma during the 
morning hours is included in the theoretical Sheffield University Plasmasphere 
Ionosphere model (SUPIM ).  
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     CHAPTER - 5 
 
                              STUDY OF ION COMPOSITION 
 
5.1  BACKGROUND 
Photo-ionization and chemical reactions produce a wide variety of different 
ions in the ionosphere ( Thomas (1982), Torr & Torr (1979) ). An example of ion 
density observations is shown in fig. 1 ( Johnson(1966)). The measurement of 
ion composition in the upper ionosphere started as early as 1958 with the 
launching of Sputnik  3 ( Istomin,1961). In the F-region, from about 200km to 400 
km, O+ is the dominant ion and its density coincides with the electron density. At 
higher altitudes the light ions H+ and He+ become increasingly important. Above 
 
Fig. 5.1    Variation of different ion concentrations with altitude 
[Johnson(1966)] 
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about 1000 km one finds mostly H+ ions and consequently, this region is often 
called the protonosphere. 
The production of O+ in the F region is assumed to be caused entirely by 
XUV solar radiation at wavelength below 911Å and is the dominant ion in the 
terrestrial ionosphere. H+ and He+ are the minor ions and their motion is 
influenced by the major ion through coulomb collisions and by the polarization 
electrostatic field set up by an ambipolar diffusion of the major ion and electrons. 
H+ ions are produced in the ionosphere almost solely by accidental resonant 
charge exchange with O+ ions,  
     O+ (4S3/2) + H (
2S1) ↔ O (
3P2,1,0) + H
+ 
 The ionization potentials of H and O are nearly the same and direct 
photoionization of H is small by comparison with the local source and sink terms, 
the relative densities of H+ and O+ ions are governed by the densities of H and O 
and by the neutral and ion temperatures,  
   n (H+) =  9 n(H) (Tn)
1/2 
             
              n (O+)     8 n(O) (Ti)
1/2 
 
Above the dominant 0 ions of the F2-region, floats the lighter H
+ ions of the 
protonosphere. The H+ ions then predominate all the way up the field lines to the 
equatorial plane thus providing a substantial potential reservoir of ionization. As 
the night-time O+ concentration diminishes by recombination, the H+ ions float at 
progressively lower levels thus coming into contact with higher concentrations of 
neutral O which promotes the charge exchange reaction, H+ + O  →  H + O+, and 
helps to maintain the O+ density. During the day, when photo-ionization raises 
the O+ density, the reverse reaction takes place with the neutral hydrogen gas 
acting as a source of protons for the protonosphere. The coulomb friction 
between moving H+ and O+ is an important factor in limiting the flow. It has been 
observed that during daytime, ionosphere transports its constituents to the 
magnetosphere and during nighttime the reverse process occurs i.e. the particles 
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are transported from the magnetosphere to the ionosphere. This phenomenon is 
known as : Diurnal breathing of Ionosphere - magnetosphere system. 
Ion composition measurements by Taylor et al (1966) shows that oxygen 
and hydrogen ions are the dominating ion constituents in the region above 
500km at minimum solar activity. Thus resonance charge transfer from oxygen 
ions to hydrogen atoms and hydrogen ions to oxygen atoms as the primary 
source and sink of protons (after Johnson,1960) have been considered. In the 
region of the topside ionosphere where electrons, ions and neutrals are not in 
thermal equilibrium and [H+]<<[O+], the altitudinal distribution of protons in 
diffusive equilibrium deviates strongly from that in chemical equilibrium. 
In the lowest region, where charge exchange process predominates and 
the transport processes are negligible, and is described by the following eqn. 
          [H+] = 9 [H][O+]   (1) 
 
                         8 [O] 
the oxygen density decreases much faster at night than the O+ and H 
concentrations. This tends to increase the proton density and may contribute to 
the mid-latitude enhancement of electron density, Ne (Mayr et al.(1967). The ratio 
of ion concentrations near the F2 peak is given by the above eqn.(1) (Hanson 
and Ortenburger , 1961).  
The region where oxygen ions are the dominant species in the 
ionospheric F region is characterized by two limits. The upper one is defined as 
the transition from prevailing O+ ions to hydrogen ions (O+- H+ transition), the 
lower limit, however, from prevailing molecular to atomic ions (M+-O+ transition). 
The O+-H+ transition height represents an altitude above which ion cooling is 
usually small due to the large plasma scale height (Heelis et al, 1978).  
At higher altitudes, in the equatorial region (±200 geomagnetic latitude), H+ 
is the major constituent, followed by O+ and He+. The relative concentrations of 
these constituents change quite drastically with latitude, suggesting a complex 
pattern of change in transition height with latitude. Both He+ and O+ increase 
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toward the poles, though He+ increases much more rapidly than O+ (Chandra et 
al 1970 ) 
Moorcroft (1969) have deduced the ionic composition and temperature of 
the nighttime ionosphere over Arecibo, Peurto Rico from Thomson (incoherent 
scatter) radar. He found the transition from O+ to H+ was low (475 km) and 
abrupt in the winter and higher (675 km) and more gradual in the summer. 
Typically, the transition level (height where %O+ = %H+) lowered progressively 
during the summer nights, but showed a post-sunset increase during the winter 
nights. Analysis of this post sunset increase indicates that it was due to a general 
increase in the height of the topside ionosphere, which occurred too rapidly for 
chemical equilibrium to be established. Johnson (1960) has observed the ion 
distribution in the ionosphere and indicated that the distribution up to 550 km is 
controlled in part by changes in the recombination rate with altitude, although 
diffusion exerts an increasingly important influence above the F2 maximum. It is 
further concluded that the ion distribution above 550 km is controlled by diffusion 
and not by recombination, although a further reduction in recombination rate with 
increasing altitude does occur. Charge-exchange reactions between oxygen ions 
and hydrogen atoms at an altitude near the base of the exosphere provide a 
source of thermal protons which move upward along the magnetic field lines 
together with an equal number of electrons and produce a medium for the 
propagation of radio whistlers.  
 Changes in ion composition influence  plasma dynamics, because they 
drive instabilities criteria for substorm onset, they modify wave particle 
interaction, and they change the average lifetime of the population due to 
differences among the various ion species in charge-exchange lifetimes. The 
main compositional change that takes place, is the absolute and relative (to 
protons) increase of the ionospheric-origin oxygen abundance in the 
magnetosphere. Magnetospheric He+ ions originate both in the ionosphere and 
as a result of charge exchange of solar wind He++. Magnetospheric H+ ions 
originate both in the ionosphere and in the solar wind. Contrary, the vast majority 
of magnetospheric O+ originate in the ionosphere, and therefore are considered 
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tracer ions of magnetosphere-ionosphere coupling and the associated 
ionospheric outflow.  Only a negligible percentage of magnetospheric O+ ions 
originate through charge exchange from solar wind oxygen ions with high charge 
states (O6+). Consequently a large abundance of O+ ions in the magnetosphere 
is equivalent to strong magnetosphere-ionosphere coupling. The Active 
Magnetospheric Particle Tracer Explorers (AMPTE) and the Combined Release 
and Radiation Effects Satellite (CRRES), have demonstrated that 
magnetospheric O+ ions originating in the ionosphere are important terrestrial 
agents in geospace. The AMPTE and CRRES missions demonstrated that the 
abundance of terrestrial plasma (O+ in particular) in the inner magnetosphere 
increases quickly, as a fast response of the ionosphere to enhanced geospace 
activity during magnetic storms and substorms (Daglis and Axford, 1996). 
Furthermore, both the AMPTE mission and especially, the CRRES mission 
showed that O+ becomes the dominant ion species during the main phase of 
great magnetic storms (Daglis,1997). 
5.2   DATA ANALYSIS 
The ion current reaching the sensor in response to the retarding voltage is 
governed by the eqn:                                       
  n         
        I = A e Us cosθ  Σ ηi Ni [ ½ + ½ erf (x) +  Ci exp.( - x2)  ]                 (i) 
             i = 0         2√(πUs cosθ) 
                 Where, 
      ηi = efficiency of the probe (grid transparency) 
                                = 0.5 
                           A = area of the probe aperture = 20 cm2 in present sensor 
                           Us = Satellite velocity = 8 km/sec 
                           θ = angle between the velocity vector and probe normal 
                           Ni= density (m
-3) of the i th ion 
                           e = electron charge = 1.602 X 10-19 C 
                           x = a – b,  a =   Us cosθ and b = { e (V + Vs ) }1/2  
                 kT                                                              
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     Vs= the satellite potential with respect to plasma 
     Ci= (2kTi / mi) 
1/2, most probable velocity of the ion constituents 
                            Ti  = ion temperature ( K)                  
              K = Boltzmann constant = 1.38  X 10-23 JK-1 
          mi = mass of ion (kg) 
                             x =      Vs cosθ              {e ( V + Vs) }1/2 
                                   ( 2k Ti /mi )1/2              kTi 
 
The above eqn. (i) is used to determine the ion temperature as well as ion 
concentrations, by the curve fitting technique. The computer program first 
constructs a model I-V curve by substituting typical values of the unknown 
variables Ni, Ti, Vs, which are selected as reasonable approximations. These 
parameters are then adjusted in the experimentally obtained curve by the least 
square method of minimizing standard error. Every time the standard error is 
calculated and iterations are continued until the best least square fit to the 
measured curve is obtained. When the two curves match, the fitted variables will 
yield the needed plasma parameters corresponding to the experimental curve. 
The saturation current around zero volt retarding voltage gives the total ion 
density as all the ions reach the sensor and collected by probe without any 
retardation. Above eqn (i) at no retardation reduces to  
Ii = Ni e A Us Cos θ                                        (ii) 
So, total ion density can be calculated by knowing Us and θ. 
RPA sensor aboard SROSS C2 cannot resolve the mass differences 
between 14 and 16 amu, hence O+ and N+ cannot be differentiated with 
accuracy. The RPA data during 1995-96 and 1999 has been used in the present 
work. As we found some variations between the equinoxes : vernal and autumn, 
the data is grouped into four seasons : December solstice (Northern hemisphere 
winter and Southern hemisphere summer), June solstice (Northern hemisphere 
summer and Southern hemisphere winter), March equinox (Vernal equinox in 
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Northern hemisphere and autumnal equinox in Southern hemisphere) and 
September equinox (Autumnal in Northern and Vernal in Southern Hemisphere) .   
These months are then grouped according to the solar activity as solar 
minimum (1995-96) and solar maximum (1999). The table 5.1 lists the months, of 
which the data has been used. The data is filtered to avoid high geomagnetic 
activities. The relative ion compositions (O+, H++He+) are obtained from the total 
ion concentration (Ni = O++ H++He++O2
+) and the geographic latitude is 
transformed to the geomagnetic latitude at the respective longitudes. 
Seasons Data used  Height 
(km) 
December solstice 
(solar minimum) 
 
December solstice 
(solar maximum) 
 
November,December95,  
January, February 96 
 
November, December,  
January, February 99 
 
June solstice (solar 
minimum) 
 
June solstice (solar 
maximum) 
May, June, July ,  
August 95 
 
May, June, July ,  
August 99 
 
March Equinox 
(solar minimum) 
March  Equinox 
(solar maximum) 
March, April,96 
March00, April00 
 
September Equinox 
(solar minimum) 
September Equinox 
(solar maximum) 
September, October95 
September,October,99 
 
  
 Table 5.1  lists the RPA and IRI data of the months used in the  
 present study. 
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In the present study, the bin size of 50km is selected for both 475km (±25km) 
and 575km (±25km) altitudes at three geomagnetic latitudes, 100S, equator and 
100N (bin: ±50) assuming that the variation is not much  in this 10 degree interval 
of latitude.  
Similarly the modeled values ( from standard IRI-2001 model ) of the 
relative ion composition (O+ and H++He+) has been obtained from the NASA’s 
National Space Science Data Center (NSSDC) website for each considered 
month, and for the corresponding solar flux above 100S, equator and 100N 
geomagnetic latitude around 475km and 575km altitude. 
The Japanese Hinotori satellite which had a near circular orbit at ~600km 
provided an ideal database for the study of the temporal and spatial variations of 
the electron density and temperature in the topside ionosphere ( Watanabe and 
Oyama, 1996; Oyama et al., 1985, 1996a, 1996b; Balan et al., 1997, Bhuyan and 
Chamua,2002). In the present work, the ion density (assumed equal to the 
electron density) obtained by the Hinotori satellite is studied in a broad sense, 
diurnal, seasonal and latitudinal variations between 0-250N geographic latitude 
and compared with the Sross C2 RPA data and IRI-2001 model. The three 
seasons whose Hinotori satellite’s data has been used here are : winter 
(December81) , summer (June81) and equinox (March81). The surface plots of 
total ion density ( Ni ) in three seasons: Winter ( December ), Summer (June) and 
Equinox (March) during low [ F10.7 (1995) ~ 70] and high [ F10.7 (2000) ~ 168 ] 
solar activities  between 0-250N latitude, using Sross C2 RPA data and F10.7 
(1981) ~170, maximum solar activity using Hinotori satellite are obtained and are 
compared with the ion density (assuming ion density is equal to the electron 
density) predicted by the latest IRI-2001 model. Here, we have emphasized only 
on the broad features of the variations of ion density. Table 5.2 lists the solar flux 
during each season of the solar activity. The RPA on Sross C2 satellite did not 
had any onboard memory which is a drawback of its operation. But still we have 
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tried to study the storm effects on the ion composition of the ionosphere. There 
were three ground tracking stations: Mauritius, Bangalore and Lucknow, where 
 Season Average 
F10.7(1981) 
Average 
F10.7 (1995) 
Average 
F10.7 (2000) 
Winter 
(December) 
     181       63     151 
Summer 
(June) 
     145       70     167 
Equinox 
(March) 
     182        75     186 
Average       170         70     168 
           
          Table 5.2 lists the solar flux during each season of the solar activity. 
the insitu data has been downloaded as soon as the satellite becomes visible. As 
the orbital period of satellite is 95 minutes (approx.), hence for ~12 minutes, the 
satellite became visible over a station. We have four cases of study, on which the 
satellite pass was such that, a day before the storm, the same day and a day 
after the storm, data of RPA, was available at about the same time. Then the 
variation during all such days at that time with the geographic latitude is studied. 
5.3 RESULTS & DISCUSSION 
The measured RPA data of SROSS C2 gives us an opportunity to study the 
upper transition heights of the ions : O+ and H++He+ that comprise the dominant 
major and minor ions in the F2 region and plasmasphere. Then the diurnal, 
seasonal, latitudinal and solar activity variations of the observed results at two 
altitudes i.e. 475km and 575km of these ions are compared with the IRI model in 
the low latitude ionosphere.  
Fig.5.1 - 5.3 for December solstice, fig. 5.4 - 5.6 for June solstice, fig. 5.7 – 
5.9 March equinox and fig.5.10 – 5.12 September equinox shows the diurnal 
variation of the relative ion composition  of lighter, (H++He+) and heavier O+ ions 
above three i.e 100S, 00 and 100N geomagnetic latitudes during solar minimum 
and maximum activities. The upper panel above 475km and lower above 575km 
has been obtained both by RPA data ( first two column) and the IRI-2001 model  
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Fig. 5.1  variation of ion composition (%) with local time above 10S latitude at 475km (upper panel ) and 
575km (bottom panel) in December solstice during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
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Fig. 5.2   variation of ion composition (%) with local time abpve the equator above 475km (upper panel ) and 
575km (bottom panel) in December solstice during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
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Fig. 5.3   variation of ion composition (%) with local time above 10N at 475km (upper panel ) and 
575km (bottom panel) in December solstice during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
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(last two columns). Special emphasis has been given to the description of ion 
composition (individual ion density divided by the total ion density) and of the 
characteristic transition heights in the topside (%O+ = % H++He+) in the solar 
minimum (1995-96, F10.7 ~67 ) and solar maximum (1999, F10.7 ~ 132 ). 
5.3.1 Diurnal variation during December solstice 
The relative densities of O+/(H++He+) is ~100% during noon hours from 
1200LT to 1800LT during solar minimum and  maximum, it is 100% during solar 
maximum throughout the day as well as during night (0600-0000-0200LT), the 
ionosphere is steady above all three latitudes indicating there is no diffusion of 
ions by the neutral winds from 100S to 100N and is independant of the solar flux 
during this period. The dramatic changes are observed during solar minimum 
during post-sunset and sunrise above all three latitudes. But over the 
geomagnetic equator throughout the day, the relative densities are the same 
during both the conditions. During solar maximum, the transition height [ % O+= 
% (H++He+) ] is very high, i.e. above 575km at the low latitudes.  But, at 100N of 
winter solstice, during both minimum and maximum conditions, the transition 
heights are lower (~475km) around midnight and 0600LT, where the charge 
exchange reaction occurs between H and O+ ions and increases the density of 
H+ ions. But during solar maximum, the charge transfer of O+ to H+ is inhibited 
throughout the day.  
Above 100S (Summer hemisphere), during post mid-night hours, it seems 
that the diffusion of O+ ions from plasmasphere to the ionosphere (~575km) 
occurs, and concentration of O+ ions is higher during that period than that at 
~475km, where the lighter ions dominate during the post midnight hours, as at 
lower altitudes the charge transfer reaction between H+ and O is more as 
compared to the diffusion process as the density of atomic hydrogen is more. 
Above the geomagnetic equator and 100N, the lighter ions are the dominant 
ions throughout the night and heavier ion (O+) are the minor ions. At 
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Fig. 5.4   variation of ion composition (%) with local time above 10S at 475km (upper panel ) and 
575km (bottom panel) in June solstice during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
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Fig. 5.5  variation of ion composition (%) with local time above the equator at 475km (upper panel ) and 
575km (bottom panel) in June solstice during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
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Fig. 5..6  variation of ion composition (%) with local time above 10N at 475km (upper panel ) and 
575km (bottom panel) in June solstice during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
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the geomagnetic equator, the relative concentration of O+ is higher and (H++He+) 
is lower as compared to that of 100N, showing the geomagnetic anomaly. 
Throughout the day, the upper transition height is higher (>600km) in solar 
maximum conditions, and during solar minimum, it is higher during the day, but 
less during the nighttime and morning hours (<450km at 0600LT).  
5.3.2  Diurnal variation during June solstice 
The observed O+ ions are dominating ions throughout the day, indicating  
the upper transition height is very high.  
During solar minimum, at 475km, the observed relative ion composition 
follows the same pattern as that of the modeled values at 100S, equator and 
100N.  
At 100S during midnight hours, the H++He+ ions show an increase for an 
hour and then a decrease around 0100LT. And then it increases during morning 
hours upto 0600LT. The transition height is higher than 575km, throughout the 
day.  
At 100N and geomagnetic equator during solar minimum, the transition 
heights are greater than 575km throughout the day. 
5.3.3 Diurnal variation during March equinox 
Fig. 5.7 - 5.9 shows the diurnal relative composition above 475km (upper 
panel) and 575km (bottom panel) in March equinox during solar minimum 
(a,c,e,g) and maximum (b,d,f,h) above three geomagnetic latitudes (100S 
(autumnal equinox), equator and 100N (vernal equinox)). Very less data is 
available during solar maximum, but it shows morning decrease in O+ ions at all 
three concerned latitudes. 
 During solar minimum, above 100S, throughout the day, H+ ions are 
dominant (1800-0000-1400LT), the O+ decreases for four hours (1400-1800LT) 
and then increases to 50% at 2000LT, then again decreases. The transition 
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height at 1400, 1800 and 2000LT is found to be 575km and is higher at the other 
periods of the day. 
During solar minimum at the equator, the behaviour looks similar to the 
modeled values at 475km. But at 575km, the H+ ions are dominant during 
nighttime and upto the noxt sunrise (0600LT). The transition heights seems to be 
~475km at 0600LT and ~575km around 2200LT. 
Above 100N, the transition heights are ~475km around 0600LT and ~575km 
around 1030LT, 1900LT and 2200LT. At 575km, the H+ ions are dominant 
throughout the night and the morning hours (1900-0000-1030LT) and then 
decreases just like that at 100S (Fig.5.7). 
5.3.4 Diurnal variation during September equinox 
During solar maximum, at both the heights the data is sparse, hence not 
much information can be deduced. O+ looks dominant throughout the day and 
night and the transition height is higher than ~600km. 
During solar minimum, at 100S(vernal equinox) the transition height is 
observed at ~600km around 0500LT and higher throughout the day. Whereas at 
the equator and 100N, the transition height is lower and is ~475km around 
0600LT where the relative H+ ions increases to 60% for a short period and then 
again decreases. 
The IRI model shows the same behaviour at all three latitudes, 100S, 
equator and 100N, shows O+ maxima during noon (1200-1800LT) and then 
decreases. The transition height is higher during noon time and is ~550km during 
post midnight hours and presunrise during both solar activity conditions. The H+ 
ions dominate for four hours, (60%H++He+, 40%O+, 0300-0700LT) during solar 
minima and for six hours during solar maxima. The IRI model seems to be 
independant of seasons and geomagnetic latitude but depends on solar flux. The 
IRI model overestimates H+ ions and underestimates the O+ ions during sunrise. 
But during nighttime, it matches well with the observed values.  
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Fig. 5.7   variation of ion composition (%) with local time above 10S latitude at 475km (upper panel ) and 
575km (bottom panel) in March equinox during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
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Fig. 5.8  variation of ion composition (%) with local time above the equator  at 475km (upper panel ) and 
575km (bottom panel) in March equinox during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
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Fig. 5.9  variation of ion composition (%) with local time above 10N  at 475km (upper panel ) and 
575km (bottom panel) in March equinox during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
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Fig. 5.10  variation of ion composition (%) with local time above 10S  at 475km (upper panel ) and 
575km (bottom panel) in September equinox during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
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Fig. 5.11  variation of ion composition (%) with local time above the equator  at 475km (upper panel ) and 
575km (bottom panel) in September equinox during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
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Fig. 5.12  variation of ion composition (%) with local time above the 10N  at 475km (upper panel ) and 
575km (bottom panel) in September equinox during solar minimum (a,c,e,g) and maximum (b,d,f,h). Curve (a, b, e, f) 
from RPA data and (c, d, g, h) from IRI-2001 model  
0
25
50
75
100
0 6 12 18 24
0
25
50
75
100
0 6 12 18 24
0
25
50
75
100
0 6 12 18 24
0
25
50
75
100
0 6 12 18 24
O+ H++He+
0
25
50
75
100
0 6 12 18 24
O+ H++He+
0
25
50
75
100
0 6 12 18 24
O+ H++He+
0
25
50
75
100
0 6 12 18 24
0
25
50
75
100
0 6 12 18 24
O+ H++He+
 
RPA Min 
. ~475km 
~575km
RPA Min 
. 
RPA Max. 
RPA Max. 
IRI Min. 
IRI Min. 
IRI Max. 
IRI Max. 
  123  
 
Our observations show that the transition height is higher throughout the day 
during summer and lower in winter solstice at 100N and the equator during solar 
minimum. This is in accordance with Moorcroft (1969), which shows that the 
height of the transition level is lowest (475km) in winter and increased to 675km 
in summer. Carlson & Gordon (1966) have found a transition level of 450km for 
the winter and 500km for the summer during solar minimum conditions. 
During the daytime, the O+ ions are produced by solar XUV radiations and 
during nighttime, the production of O+ ions stops and the resonant charge 
exchange reaction produces the H+ ions. The results show that  the density of 
heavy atomic ions (O+) is greater at noon than at midnight for a given season 
and greater in summer than winter for a given local time. There is only a weak 
latitudinal variation in the density of these ions. The data also shows that the light 
ion ( H+ and He+) densities are greater at midnight than at noon and are 
generally greater in winter than summer. This also has been observed by Craven 
(1995) for mid latitude range. Also the oxygen density decreases much faster at 
night than the O+ and H+ concentrations (Mayr et al,1967). According to 
Geisler,1967; Banks et al,1974 and Bailey et al 1979, the maximum upward flux 
(protonsphere) occurs just after sunrise and there is a minimum in the H+ flux 
near noon.  
Denson et al (1999) has observed that the O+/H+ transition height typically 
occurs around 1000km altitude during the daytime and below 1000km at night, 
depending on the geophysical conditions, particularly when solar activity is 
increased , solar activity is one cause of a thermal expansion of the atmosphere 
and an increase in this transition height. Brace et al.1968; West et al.1997 has  
also observed the same results.  
Truhlik et al (2005) has also found that the H+ density decreases with 
increasing F10.7, with the greatest change occurring at an altitude of 600 km 
above the equator in the daytime and almost no change at the altitude of 850 km 
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above the equator at night. They also found that during the daytime and during 
the high solar activity, the He+ density is larger than H+.  
During high solar activity the upper transition level at a given point, at a 
given local time, lies much higher than for low solar activity (e.g. MacPherson et 
al., 1998; Trıskova et al., 1998; Trıskova et al., 2003, Truhlik et al ; 2005 ). 
Fig. 5.5 (a) shows an increase an increase in O+ throughout the day, 
during solar minimum at the equator. Chandra  et al.,(1970) has also found that 
below 500km, O+ is the only ion detected by the RPA on board the Ogo4 
satellite. In the night equatorial region, a relative variations of O+ and He+ present 
a complex situation. The rapid increase of He+ and the corresponding decrease 
in O+ was not attributed to a simple diffusion mechanism. In fact, the inverse 
relation between He+ and O+ suggests the possibility that the O+ is being formed 
at the expense of the He+. The chemical processes giving rise to this situation 
are the following (Bates and Patterson, 1962; Bauer, 1966; Maier, 1968) :  
He+ + N2                N
+ + N +He 
He+ +O2                  O
+ + O +He 
He+ + O                          O+ + He 
All three reactions involve charge transfer. The first two are dissociative, and the 
third one is radiative. Since in these reactions O+ or N+ is being created at the 
expense of He+. The bulge in O+ in the equatorial region may  correspond to the 
enhancement in N+, but the RPA sensor aboard Ogo 4 cannot resolve the mass 
differences between 14 and 16 amu with sufficient accuracy. And the RPA 
onboard SROSS C2 is also not able to differentiate between these masses. 
5.3.5 Variation of ion density (Ni) 
Fig. 5.13 and 5.14 shows the variation of observed ion density by Sross 
C2 RPA data (left panel) and predicted by IRI 2001 model (right panel) during 
solar minimum (fig. 5.13) and maximum (fig.5.14) with geographic latitude and 
local time. Similarly fig.5.15 shows the variation of ion density (assumed equal to 
the electron density) measured by the Hinotori satellite plotted in latitude versus 
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local time grid for the December81, June81 and March81. During solar minimum 
the Sross C2 exhibits a clear enhancement during morning hours in winter and 
equinox between 5-100N , but this rise is observed earlier in equinox than winter 
solstice. During summer solstice an evening enhancement has been observed 
around geographic equator and 170N latitude, where the peak observed is higher 
at the equator. The IRI model predicts equatorial ionization anomaly (EIA) during 
winter and equinox where the trough is observed at 100N, and crests are 
observed on both sides of it ( 00 and 150N) but the ion density is higher during 
noon time over all latitudes in summer solstice.  Bhuyan et al (2003) has studied 
the diurnal, seasonal and latitudinal variation of electron density during low solar 
activity by Sross C2 satellite. They also found that the electron density is 
minimum before sunrise and reaches the diurnal maximum in the afternoon 
hours. A secondary enhancement was also observed in the sunset hours of June 
solstice.  Comparison of measured density with that predicted by the IRI revealed 
that the IRI overestimates electron density at about all local times and in all 
seasons. The IRI also could not produce the secondary enhancement of electron 
density. Bhuyan et al (2003) gave the reason for the non-occurrence of the 
afternoon enhancement in case of predicted density is that, the IRI comprises of 
Aloutte topside sounder data which had inadequate coverage over the Indian 
longitude sector. During solar maximum (fig.5.14), the IRI is independant of 
latitude and season and shows a maxima during noon hours and minima during 
nighttime. The observed ion density shows an evening enhancement in winter 
between 5-100N latitude which is even higher than the noon time whereas in 
summer and equinox, high ion density is observed throughout the day i.e. from 
the daytime to the midnight hours. The observed density is much higher at mid 
latitudes than at low latitudes during summer and equinox around midnight 
hours. Fig.5.15 shows the variation of ion density obtained by Hinotori RPA data 
during solar maximum. During December and equinox months, a secondary 
enhancement is observed which is even higher than the noon-peak.  In summer, 
the Ni is low during nighttime and start increasing with the advent of the day and  
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 (a) 
 
 
 (b) 
 
  (c ) 
 
 
Fig.  5.13   Variation of diurnal and latitudinal variation of total ion density during solar 
minimum (1995). Fig.(a) during December, (b) June solstice and (c) equinox. Left panel 
from Sross C2 RPA and right from IRI2001 model. 
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 (c ) 
 
 
 
                     Fig. 5.14  Same as fig.5.13  but during Solar maximum (2000) 
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                               (a) 
                         (b) 
                          (c ) 
 
     
            Fig. 5.15  Variation of total ion density obtained by  Hinotori RPA data, 
                fig. (a) during December81, (b) June81 and (c) March81. 
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becomes highest during noon-hours and then again decreases as the 
recombination occurs and photo-ionization stops. 
Observed and modelled electron or ion density at the height of 600 km 
exhibits a single ionization peak around the equator during the daytime. Bhuyan 
& Chamua (2002) have  also compared the  electron density at 600 km altitude 
obtained from the Japanese Hinotori Satellite during 1981 with IRI-95 model and 
found that the measured daytime electron density is higher than those predicted 
by the IRI in all seasons and latitudes and the difference between prediction and 
observation could be as high as 100% depending on location, local time and 
season and the nighttime density predicted by the IRI matches well with 
observations.  
5.3.6 Study of storm effects on ion constituents 
The table 5.3 lists the four geomagnetic storms which are observed during 
the Sross C2 satellite’s path from 1995 – 1999.  
Table 5.3. Lists the Storms examined in the present work 
 
S.No.  Storm I 
(7 April, 95) 
Storm II 
( 18 
October,95) 
Storm III  
(18February,98) 
Storm IV 
( 22 
October,99) 
1. 
 
 
 
2. 
 
3. 
 
4. 
Date of 
minimum 
Dst index 
 
Time in 
U.T(hhhh) 
Dst index 
 
Days of data 
avalabilility 
(in UT) 
 
 
 
 
  
 
7 April, 95 
 
 
    1900 
 
  - 150nT 
 
7April95 
(0470-0477) 
 
8April95 
(0442-0452) 
 
9April95 
(0417-0428) 
 
 
 
18 October,95 
 
 
        2400 
 
-130nT   
 
18October95 
(1952-1965) 
 
19October 95 
(1928-1938) 
 
20October 95 
(1902-1915)      
 
18February,98 
 
 
     0100 
 
      - 100nT 
 
18February98 
(1442-1450) 
 
20February 98 
(1412-1417) 
 
22February 98 
(1492-1500) 
 
22 October,99 
 
 
        0700 
 
        -240nT 
 
1October 99 
(0723-0737) 
 
21October 99 
(0782-0797) 
 
22October99 
(0735-0748) 
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5.3.6. (a) Storm observed on 7 April, 1995 
Fig. 5.16 shows the moderate magnetic storm which began on 6 April, 
1995 and the progress of the storm can be seen by examining the Dst plot for the  
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        Fig. 5.16    Geomagnetic storm of 7 April 1995 
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duration of the storm which is shown in fig. The maximum Dst excursion occurs at 
1900 UT on 7 April 1995 and there is a substorm before this minimum. At storm 
commencement, the increase in solar wind pressure caused Dst to increase to an 
index of approximately +15 nT. During the storm main phase, Dst dropped to a 
minimum of around −150 nT. 
Fig. 5.17 (a) shows the variation of O+, H+, O2+ and He+ ion 
concentrations and (b) the relative ion percentages with geographic latitude 
obtained from RPA SROSS C2 data on three consecutive days i.e. 7th, 8th and 
9th April, 95.  The data available of major ion (O+) on 7 April is from 0470-0477 
U.T and there is a well developed anomaly on that day close to 200 N geographic 
latitude which is close to the geomagnetic anomaly crest ~+100 N indicating the 
presence of strong eastward electric fields on this particular day. But on 8th and 
9th April, the anomaly is shifted towards the geomagnetic equator. The absence 
of anomaly shows the weakening of the eastward electric field and the presence 
of an equatorward meridional wind. The O+ ion concentration is 7.5 X 105cm-3 at 
the peak and is same on all three says but there is just a shift in the latitude after 
the storm. The He+ density increases on 8th and 9th April and H+ and O2
+ 
enhances on 9th April 95 at 150N latitude. The H+ and He+ ion concentrations had 
maximum values close to the magnetic equator. The He+ ion had a maximum 
concentration of around 1.2 X 105cm−3. The H+ ion concentration was below this 
value. 
 Fig. 5.17 (b) shows the relative percentages of the ions. On 7th April 95, 
the O+(%) is ~100% and the other ions are negligible, but on 9th April the 
percentage of O+ decreases at around 140N latitude and percentage of H+ and 
He+ increases.   
5.3.6. (b) Storm observed on 18 October, 1995 
Fig. 5.18 shows the moderate magnetic storm which began on 18 
October, 1995 and the maximum Dst excursion occurs at 2400 UT on 18 October  
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         Fig. 5.18  Geomagnetic storm of 18 October 1995 
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1995. During storm sudden commencement, the Dst increased to an index of 
approximately +15 nT. During the storm main phase, Dst dropped to a minimum 
of around −130 nT at 2400 U.T on 18 April 95.  The dominant ion on 18 October 
95 shows two peaks, one at 200N and the other at 100N latitude with a small 
minima at 150N as shown in Fig. 5.19(a) indicating eastward electric field as well 
as the equatorward movement of meridional wind. But on 19 and 20 October 95, 
next day after the storm, the electric field is weakened and the direction of the 
wind is reversed that is poleward. Consequently, other ions also show such a 
decrease. Fig. 5.19(b) shows that the O+ ion is the dominant ion at all latitudes. 
But on 19 and 20 October, the H+ ion also increases in small amount, but 
increase in He+ correlates well with the decrease in O+ percentage around 100N 
latitude. 
5.3.6. (c) Storm observed on 18 February, 1998 
Fig. 5.20 shows the moderate magnetic storm which began on 17 
February 1998 and the maximum Dst excursion occurs at 0100 UT on 18 
February 98. During the storm main phase, Dst dropped to a minimum of about 
−100 nT at 0100 U.T on 18 February 98. For this study, only three days data is 
available i.e 18th, 20th and 22nd February. On 22 February, the latitudinal 
coverage is from 30 – 400N. On 18th, the fig. 5.21(a) shows a peak at 100N 
indicating a weak eastward electric field and equatorward  merdional wind. But 
on 20th the O+ concentration is decreased indicating a poleward wind on that 
day. And concentration of H+ ions show an increase at higher latitudes on 22nd 
February. Fig. 5.20 (b) shows that the O+ ion is the dominant ion at low latitudes. 
But on 20th and 22nd February, the increase in He+ correlates well with the 
decrease in O+ percentage. 
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          Fig. 5.20  Geomagnetic storm of 18 February 1998 
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5.3.6. (d) Storm observed on 22 October, 1999 
Fig. 5.22 shows the strong magnetic storm which began on 22 October 
1999 and the sudden commencement is observed to be high i.e. +20 nT on 22 
October 1999 at 0000 U.T. During the storm main phase, Dst dropped to a 
minimum of about −175 nT at 0700 U.T on 22 October 1999. For this study, four 
days data is available, two quite days i.e 1st and 21st and two disturbed days, 
22nd and 23rd October,99.  Fig. 5.23 (a) shows the variation of O+ concentration. 
The Equatorial Ionization Anomaly (EIA)  is well developed at 200N latitude on 1st 
and 21st October, 99 indicating a presence of strong eastward electric field. But 
on the storm day, the EIA is shifted to little lower latitude, 150N, may be due to 
the flow of equatorward meridional wind. The O2
+ and He+ ions also show higher 
concentration al 100N.  Fig. 5.23 (b) shows the decrease of relative O+ 
percentage below 100N latitude and correspondingly rise of He+ ions at that 
location. 
M. H. Denton et al (2002) have also found similar results in the 
plasmasphere. They found that before the storm, O+ is the dominant ion, while 
H+ and He+ are minor ions. During the storm, the trough in O+ concentration 
close to the equator initially deepens and the He+ ion concentration approaches 
that of O+. As the storm progresses, this situation changes and the O+ 
concentration close to the magnetic equator increases. Peaks in the O+ 
concentration occur in the mid- to high-latitude region, again due to particle 
precipitation. This behaviour is clearly the result of a depletion (or trough) in the 
O+ concentration, coupled with an enhancement in the light ion concentration. 
Such depletions allow the He+ concentration to approach that of O+ at numerous 
periods, both during the storm and throughout the recovery period. It is clear from 
our results also that the regions where He+ dominance occur are co-located with 
the trough in the O+ concentration.  The mechanism proposed by Denton et al 
(2002) to explain the regions of He+ dominance i is a combination of chemical  
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            Fig. 5. 23 (a) Variation of respective ion concentrations with latitude obtained  
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              Fig. 5. 23 (b)  Variation of relative ion  concentrations  with latitude obtained  
              from RPA Sross C2 data  
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and plasma transport effects. The flux tubes, at both F-regions, and the 
DMSP satellite altitudes, are constantly sunlit. Re- filling of storm-depleted flux 
tubes proceeds via ion upflow from the ionosphere. In addition, the concentration 
of the O+ and H+ ions is largely controlled by the charge exchange reaction 
between them : 
   O+ + H  ↔  O + H+  
During the main phase of a geomagnetic storm, the plasmapause moves 
equatorwards and the “size” of the plasmasphere is reduced. This is caused by 
the flux tubes becoming involved in magnetospheric convection, resulting in ion 
outflow to the outer magnetosphere, known as “erosion of the plasmasphere”. 
During the recovery phase, the equatorward boundary of convection moves 
poleward, and the previously depleted flux tubes refill from the ionosphere. The 
recovery of He+ occurs very rapidly due to direct photoionisation of neutral 
helium. The recovery of the O+ and H+ ions is suppressed due to the charge 
exchange reaction between them. They suggested  that the ionosphere can be a 
source of plasma for the plasmasphere at nighttime as well as in the daytime if a 
very strong southward wind occurs.  
CRRES observations of several large magnetic storms reavealed a 
dominance of O+ around the maximum of the main phase ( Daglis, 1997). Since 
it is the enhancement of the ring current that leads to low Dst levels, the CRRES 
observations suggest that the intensification of the ring current is mainly due to 
the contribution of O+ ions. Taking into account that a fraction of H+ is also of 
ionospheric origin. In other words, it is the terrestrial plasma that causes the deep 
Dst  minimum during the main phase phase of large storms. 
 According to Daglis (1997) the role of O+, the major outflowing ionospheric 
ion, in storm evolution is two-fold: 1. With its large contribution to the ring current, 
it induces a rapid decrease of Dst just before the maximum of the storm, and 2.  
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After the storm maximum, O+ induces an equally rapid initial recovery of Dst, 
because its charge exchange lifetime is considerably smaller than that of H+ at 
the ring current energies (≥ 40keV). 
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CHAPTER – 6 
        CONCLUSIONS 
 
3.1 Summary of the Present Thesis 
The ionosphere is a complex entity behaving differently in different 
altitudes; at low altitudes the ionosphere is strongly coupled to the neutral 
atmosphere, while at high altitudes the magnetic field configuration plays a 
decisive role (open or closed magnetic tubes). The temperatures and 
densities of the plasma parameters depend on the variations of the ionization, 
ion rearrangements; global interactions with the magnetosphere (connected 
via the tail to the interplanetary space) and the neutral atmosphere. 
Information regarding the temporal and spatial distribution of electron and ion 
density and composition is important from the point of view of the 
communication engineer and for understanding the characteristic of the 
medium. 
The data of Indian Space Research Organization (ISRO’s)  
spacecraft, SROSS C2 has been used in the present study. The Retarding 
potential analyzer (RPA) aeronomy experiment designed and developed at 
National Physical laboratory (NPL) was onboard the satellite and was 
launched on May 4, 1994 with an inclination of 460, having an elliptical orbit of 
930 x 430 km. After two months of operation, the satellites apogee was 
brought down to 620 km and perigee of 430 km using the reaction control 
system on board. The Retarded Potential Analyzer (RPA) consists of an ion 
RPA and a potential probe for making simultaneous measurements of the ion 
and the electron plasma parameters. The Ion RPA makes measurements of 
the total ion density (Ni), irregularities in the Ni, temperature of the ions (Ti) 
and densities of the various ions (H+,He+,O+,O2+ and NO+) present in the 
ionosphere. The Electron RPA makes measurements of the total electron 
concentration (Ne), irregularities in the Ni, the temperature of the electrons 
(Te), and the suprathermal flux upto 30eV.   
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The International Reference Ionosphere model (Bilitza,1990a), IRI, is 
the most widely used empirical model. It was developed under the auspices 
of the Committee on Space Research (COSPAR) and the International Union 
of Radio Science (URSI) and is the de facto international standard. It is easy 
to use, readily accessible and continuously improved through international 
collaboration. 
The electron (Te) and ion temperatures (Ti) at ~500km altitude of the 
ionosphere and 0-300N geographic latitude derived from SROSS RPA data 
are studied thoroughly with the local time, latitude, seasons and solar activity. 
During nighttime, the Te and Ti matches well with the IRI modeled values 
during each month, season and solar activity. But during morning hours, 
when each month is considered separately, discrepancy in Te was above 
35% in winter and summer and ~40% in equinox season and Ti  shows 
negligible discrepancy in summer, but in winter and equinox seasons, it is 
~45%. Similarly, during all three activities also, Ti shows a clear agreement in 
summer and equinox season, but is higher by 35% in winter. During all three 
activities the Te shows 35% discrepancy in summer and equinox. During 
summer and equinox seasons, an evening enhancement in Te has been 
observed which is not predicted by the IRI model. 
At sunrise, photoelectron production begins in the ionosphere through 
the ionization of neutral particles. As the photoelectrons share their high 
energy with the ambient electrons, the electron temperature increases; the 
increase is rapid in the early morning due to the low electron density. As more 
and more electrons are produced with the progress of the morning, the 
energy share for each electron decreases. Thus, the electron temperature, Te, 
after reaching a maximum, decreases and attains a steady value by the end 
of the morning. The rapid increase of Te in the early morning period is the well 
known Te phenomenon, called the morning overshoot. In the present work, 
using RPA Te and Ti measurements onboard Indian Sross C2 satellite, 
sunrise phenomenon has been studied with solar activity dependance during 
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three solstices - winter, summer and equinox with the geomagnetic latitudes 
to understand it better.  
In the earth’s atmosphere, H+ becomes the major ion at very high 
altitudes (above 1000km), but the transition height is extremely variable, 
depending on many factors, such as local time, season and latitude. The 
relative concentrations of O+, He+ and H+ depend on the altitude, latitude, 
local time, season and the level of solar activity. The region where oxygen 
ions are the dominant species in the ionospheric F region is characterized by 
two limits. The upper one is defined as the transition from prevailing O+ ions 
to hydrogen ions (O+→ H+ transition), the lower limit, however, from prevailing 
molecular to atomic ions (M+-O+ transition). The measured RPA data of 
SROSS C2 gives us an opportunity to  study the upper transition heights of 
the ions : O+ and H+ + He+ that comprise the dominant major and minor ions in 
the F2 region and plasmasphere. Thus the diurnal, seasonal, latitudinal and 
solar activity variations of the observed results at the two altitudes i.e. 475km 
and 575km of these ions are studied and compared with the IRI model in the 
low latitude ionosphere. The upper transition height is higher during the day 
and lower during the nighttime during the low solar activity and is higher 
throughout the day, during high solar activity. The upper transition height can 
be used as an anchor point for the empirical modeling of the topside 
ionospheric ion composition profile. Therefore, a better understanding of this 
characteristic height will be very helpful and will open up the possibility of 
improving the IRI ion composition representation. The variation of upper 
transition height is studied diurnally in each season : December solstice, June 
solstice, March and September equinox with the change in solar activity.  
Geomagnetic storms perhaps represent the single most important 
space weather phenomenon and also qualify to be an exciting and rewarding 
topic that covers an interesting spectrum of A-I-M interactions. The 
magnetosphere-ionosphere dynamic interaction is still far from having been 
understood.  Though this  system is well covered by satellite and ground-
based observations during the last twenty years, the dynamic structure and 
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the rapid changes especially during storms-substorms, have often led to 
inconclusive and much-debated results. A well developed anomaly is 
observed 12-24hr before storm, showing a peak close to 200N geographic 
latitude which can be due to the presence of strong eastward electric field. 
But after the main phase of the storm, the Equatorial Ionization Anomaly is 
not observed which may be due to the weakening of the eastward electric 
field and the presence of an equatorward meridional wind. The relative 
percentages of O+, H+ and He+ shows that before the storm, the percentage 
of O+ was maximum and H+ (%) and He+(%) was less but after 12-24hr, 
percentage of H+ and He+ increases and O+ decreases. The percentage of 
He+ correlates well with the decrease in O+(%). The EXB drifts combined with 
meridional winds may explain to a large extent the present observations. 
The efforts to revise IRI are still being continued based on the 
observations. The IRI reproduces electron temperature and electron density 
of bottomside ionosphere basically well, as found by many researchers whilst 
model of electron density and electron temperature in the topside ionosphere 
is still very poor because only small amount of data are used to construct the 
model. For eg., IRI predicts plasma temperature much lower than the real one 
in the topside ionosphere. Past electron temperature observations which are 
used to construct IRI model are from AE-C at 300km and 400km, from Aeros 
at 600km, from ISIS at 1400km, and from ISIS-1 at 300km. Inspite of the 
existence of many satellite measurements, especially electron temperature 
data is not well archived to improve the IRI and it is still difficult for us to draw 
the realistic picture of basic parameters of topside ionosphere from the IRI. 
While other parts of the IRI model like the electron density and electron 
temperature models have been currently updated and improved, the upper 
(topside) ionosphere ion composition model has not been changed since its 
inclusion in the International Reference Ionosphere two decades ago. 
3.2 Suggestions for the future work 
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Mathematical models play an important role in the development of  
understanding of the physical and chemical processes taking place within the 
Earth’s upper atmosphere. The low-latitude ionosphere has been relatively little 
explored in terms of large-scale self-consistent theoretical models. The work 
carried out in the present work is the initiation of the modelling work. The 
ionospheric parameters can be used to solve time-dependent equations of 
continuity, momentum, and energy balance which can give a better 
understanding of the physical processes occurring in the low-latitude ionosphere 
which is being used less in the present developed models. The magnetosphere-
ionosphere coupling and the plasmaphere - ionosphere coupling system 
especially during disturbed days, can be better understood by including some 
more data from the low and mid latitudes for which satellites like SROSS, 
HINOTORI etc should make significant contribution. 
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